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Abstract 
 
Groundwater seeping from the beachface can induce erosion and so may play a 
role in controlling the development of beach morphology. This research answers 
some fundamental questions about the processes that control the groundwater seepage 
line position on a dissipative beach. For instance: What is the relationship between 
the observed groundwater seepage line and the intertidal beachface volume? What is 
the best statistical model, which can describe the importance of the groundwater 
seepage line and surfzone morphology in changing the beachface volume? How well 
can video images be used for extracting groundwater seepage lines and shorelines at a 
dissipative meso-tidal beach? How does the groundwater seepage line on a dissipative 
meso-tidal beach change over the tidal cycle? What are the main parameters 
controlling the groundwater seepage line on a dissipative, meso-tidal beach and 
which driver is the most important in explaining changes to the seepage line? Can 
numerical models (both linear and non-linear) accurately predict the tidal 
groundwater changes across the beachface and determine the position of the 
groundwater exit point? 
The processes that are explored are rip currents, characterized by the observed 
variations in the surfzone morphology, as well as beach slope, hydraulic conductivity, 
wave set-up, tidal variations and water table variations. Specifically, changes to the 
alongshore variation and decoupling of the seepage line from the shoreline are 
studied along two gently-sloping beaches in the west cost of New Zealand using 
video images, field measurements and a 2D non-linear Boussinesq model. Finally the 
advantages and disadvantages of applying the linear versus the non-linear Boussinesq 
equations to beach groundwater modelling are discussed. The thesis also 
demonstrates the accuracy of using video images for extracting the seepage line and 
shoreline. 
The statistical study conducted using video imagery and surveys of the seepage 
line at Muriwai Beach showed that the variation of the beach volume can be related to 
the seepage line and surfzone morphology, (which was measured using the pixel 
 iv 
 
intensity extracted from the time-averaged video images). My results showed that in 
most regions of the beach, there is a clear correlation between the beachface volume 
and the seepage line, with an elevated seepage line causing a reduction of volume. 
This inverse correlation occurred in all datasets. The seasonal analysis showed that 
the seepage line in winter is more correlated with volume than summer. The field 
results also indicated that the beachface volume is more correlated with the seepage 
line at low tide rather than high tide. Hence, the seepage line has a greater effect 
lower on the beach, and beachface volume reduction is more influenced by the low 
tide seepage line. This study also showed that the seepage line was less clearly related 
to changes in the surfzone morphology. 
One of the shortcomings of the study at Muriwai Beach was the lack of survey 
data and the inability to use the video imagery more effectively because of the lack of 
ground truthing. Therefore images collected at Ngarunui Beach, where cameras were 
still operating, were used to study the application of the time-averaged images in 
extracting the seepage line and variance images in detecting the shoreline. The 
comparison between the extracted shoreline and beach survey data showed that the 
difference between the surveyed data and video based data in upper intertidal beach is 
much lower than lower part of the beach indicating that the video extracting 
algorithm works better at the high tide rather than the low tide. On the other hand, 
both seepage line and shoreline showed the decoupling process very well in both 
incoming and outgoing tides. During the rising tide, the infiltration from the tidal 
wave causes the water table rise, although beach groundwater level increases much 
more quickly than rising tide. An hourly comparison of the decoupling process 
showed that the seepage line decouples from the shoreline more quickly on the lower 
part (less steep intertidal beachface) rather than the steeper upper part of the beach 
profile. This decoupling process showed that Ngarunui Beach fills more rapidly than 
the tide rises, and drains more slowly than tide falls. This finding was tested using my 
field data collected using Solinst piezometers -Solinst is the brand name of the 
piezometers which were used at Ngarunui Beach- and manual water detectors at the 
beach. The decoupling between the seepage line and the shoreline extracted from 
video images also showed that the seepage face width is much greater in north and 
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middle of the beach rather than south part. The rip current in south of the beach may 
have an effect on lowering the groundwater exit point elevation and shortening the 
seepage face width. Although according to the data from the current meters deployed 
in the beach, it seems that the rips may have a small effect on changing the 
groundwater seepage line rather than sediment properties and beach topography. 
Modelling using a 2D non-linear Boussinesq model, which I developed during the 
research, showed that the seepage line calculated by my model is compatible with the 
surveyed seepage line. The non-linearity effect of the hydraulic conductivity and the 
groundwater depth may play an important role in accuracy of the results. The non-
linear model also showed the same pattern of the decoupling between the seepage line 
and the shoreline as the video images showed. Similar to the result of my 1D 
numerical model at Muriwai beach, the numerical model results at Ngarunui beach 
also showed that the seepage line elevation decreases with increasing the hydraulic 
conductivity and intertidal beachface slope. The model successfully replicated the 
wider seepage face in middle and north of the beach rather the south (also shown in 
the video image analysis).  
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1.1 Thesis topic and its significance 
 
Coastal erosion is one of the most common problems at many beaches. It is caused 
by both natural factors and human activities. Sea level rise, climate changes such as 
changes in precipitation and temperature regimes, extreme wave and storm surge 
conditions, tidal currents, subsidence and coastal flooding could cause changes in the 
groundwater level and consequently the beachface erosion pattern. Human 
interventions including woodland establishment, urbanization, damage to sand dunes 
and removal of coastal plants also increase the beach erosion rate (e.g. Masterson and 
Garabedian, 2007; Holman, 2006). There are two common types of coastal erosion. 
Firstly, there is short-term (e.g. weeks to decades) erosion that is caused by storms. In 
this case, the position of the shoreline is not changed permanently, although the full 
beach erosion and recovery cycle may last several decades. Secondary, there is long-
term erosion caused by factors such as sea-level rise. In this type of erosion the 
shoreline position is changed. Global warming could cause sea level rise and 
consequently cause a long-term increase to coastal erosion. A global sea level rise of 
0.2 to 0.25 m has been recorded over the last century, while it has risen almost 0.3 m 
over the last 300 years. The International Panel on Climate Change estimates that the 
global average sea level will rise between 0.4 and 0.8 m in the next century (IPCC, 
2015). 
The elevation of the water table in relation to the average sea level changes with 
tide and waves, causing infiltration and exfiltration of water into the beach, which has 
a consequence to sediment transport (Li et al., 1999). The water table variation in a 
beach can influence swash sediment transport and as a result deposition or erosion 
across the beach will occur (Turner, 1995). In other words, the location of zones of 
erosion and deposition is established by tidal movement of the sea-level and the 
seepage line across the beachface. For instance, below the effluent line, the beachface 
is saturated and erodible while it is unsaturated and more likely to be a zone of 
deposition above the line (Eliot and Clarke, 1988). 
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1.2 Thesis aims and objectives 
 
The general aim of this thesis is to study the variation of the groundwater seepage 
line on gently-sloping dissipative beaches using field survey data, video images and 
numerical models. There are some experiments and mathematical models to simulate 
beach groundwater variations (e.g. Parlange et al., 1984; Turner, 1993; Nielsen, 1990; 
Turner and Nielsen, 1997; Turner et al., 1997; Li et al., 1997; Turner, 1998; Baird et 
al., 1998; Li et al., 1999; Raubenheimer et al., 1999; Li et al., 2000; Li et al., 2002; Li 
and Jiao, 2003; Jeng et al., 2005; Li et al., 2006; Song et al., 2007; Li et al., 2008; 
Guo et al., 2010). Many of these studies have focused on wave run-up and tide 
induced changes to the groundwater. However, some of these numerical models have 
limitations in their theories and applications, including limitation of the numerical 
computation, data requirements, boundary conditions, model assumptions and 
uncertainty of the simulation results. The non-heterogeneous character of the aquifer, 
which has often been ignored in models, is another problem (Xiu-yuan et al., 2009). 
Although the relationship between groundwater table and beach volume has been 
studied previously (e.g. Grant, 1948; Eliot and Clarke, 1988; Turner and Leatherman, 
1997), there are few studies on high energy gently-sloping dissipative beaches. The 
location of the groundwater seepage line could be a function of a range of factors 
such as sediment porosity and hydraulic conductivity, beach morphology, beachface 
slope, wave set-up, tide variations, water infiltration and exfiltration into or from the 
beachface, the inland water table and local rainfall. Changes in these parameters 
cause water table variation and consequently beachface volume changes. 
This study will test following questions: 
 What is the relationship between the observed groundwater seepage line and 
the intertidal beach volume and can this effect be separated from the influence of the 
rip currents? 
Chapter 1: Introduction 
 
4 
 
 What is the best statistical model which can describe the role of the 
groundwater seepage line and surfzone morphology in changing beachface volume? 
What is the accuracy of this statistical method? 
 How well can video images be used for extracting the groundwater seepage 
line and shoreline at a dissipative meso-tidal beach? What is the accuracy of this 
technique in comparison with surveying data? 
 How does the groundwater seepage line on a dissipative meso-tidal beach 
change over a tidal cycle? How can video images be used to observe the decoupling 
of the groundwater seepage line from the shoreline? 
 What are the main parameters controlling the groundwater seepage line on a 
dissipative meso-tidal beach? Which driver (intertidal beach geometry, beach 
sediment porosity and hydraulic conductivity, tide variation, inland water table, rip 
currents and wave set-up) is the most important in explaining changes to the seepage 
line? 
 Can numerical models (both linear and non-linear) based on the Boussinesq 
equation accurately predict the tidal groundwater changes across the beachface and 
determine the position of the groundwater exit point? Can the numerical model 
results show the decoupling between the groundwater seepage line and the shoreline? 
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1.3 Beach field sites 
 
Two sites on the west cost of the New Zealand's north island were studied in this 
research. First Muriwai beach was selected to study the correlation between the 
groundwater seepage line, rip current locations (characterised by video image pixel 
intensity) and the intertidal beachface volume. Muriwai is a meso-tidal gently-sloping 
beach located on the west coast, approximately 35 km west of Auckland and 48 km 
south of Kaipara Harbour entrance. The west coast has significant wave heights of 
between 1 and 3 m and the average wave period of 6-8 s (Gorman et al., 2003). The 
mean spring tidal range at Muriwai is about 3 m (Bryan et al., 2007). The surf zone is 
400-500 m wide on average and includes an inner bar and more gently-sloping outer 
bars; however during high energy storms, the surf zone width may be greater than 
800 m. The beachface has an average slope of 1:100 and generally consists of fine 
sands with the mean diameter of 0.25 mm (Brander and Short, 2000). A one-
dimensional linear Boussinesq equation was also used to study the movement of the 
groundwater exit point across the beachface transects. The effect of inland water 
table, beach slope, beach sediment hydraulic conductivity, tidal range and wave set-
up on the groundwater exit point was discovered. The model was run based on the 
field data collected by Robinson (2004). The lack of the field data including updated 
beach survey, sediment properties, and video images resulted in a switch in the study 
area from Muriwai to Ngarunui beach for the remainder of the thesis. Ngarunui beach 
is also a dissipative beach located near Raglan on the west coast. The beach is 
approximately 1.8 km length, in almost 4 km south-west of Raglan city. There is a 
steep dune (~1:5) in the east of the beach. At the north, the beach turns into Raglan 
Estuary (Morris et al., 2007). Ngarunui is a black sandy beach with an average grain 
size of 0.31 mm (Laurent, 2000). The beach slope is approximately 1:70 (Huisman et 
al., 2011). The spring tide ranged between 2 and 3 m and neap tide is 1.5-1.8 m 
(Walters et al., 2001). The groundwater seepage face, which generally appears 
between the shoreline and the groundwater seepage line during the retreating tide, is 
clearly exposed as a glassy surface, and so could be obtained using standard 
surveying techniques and video images. 
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1.4 Thesis structure 
 
Regarding aims and objectives of the research , this thesis is mainly focused on A) 
understanding the beachface variation associated with the groundwater table and 
determining the correlation between the groundwater seepage line, rip current and 
beachface volume on a gently-sloping dissipative beach “Chapter 3”; B) extracting 
the shoreline and the seepage line from video images and study the process of 
decoupling of the shoreline from the groundwater seepage line during a tidal cycle 
“Chapter 4”; C) a field experiment on a gently-sloping beach to measure the long-
term groundwater table changes, short-term variation of the beach groundwater level 
and wave data “Chapter 5”; D) using a two dimensional numerical model based on 
the Boussinesq equation to study changes in the groundwater exit point across the 
beachface, variation of the groundwater seepage line along the beach, and 
determining the role of the onshore characters and offshore factors which affect the 
groundwater seepage line variations “Chapter 6”. The results of this research could be 
generalized to other coasts that experience dissipative conditions. 
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2.1 Beach groundwater and erosion 
 
As coastal groundwater is one of the most significant issues affecting beach 
volume and coastal erosion; hence, understanding the relation between the beach 
groundwater table and beachface erosion and accretion has been a focus of coastal 
engineers for a wide range of research purposes and practical applications (e.g. Grant, 
1948; Duncan, 1964; Eliot and Clarke, 1986; Turner, 1993; Turner and Leatherman, 
1997; Turner 1998; Huisman et al., 2011). Field studies have shown that the elevation 
of the beach groundwater fluctuates with tidal cycle, waves, and weather patterns 
(e.g. Duncan, 1964; Eliot and Clark, 1986; Hegge and Masselink, 1991; Nielsen, 
1999; Horn, 2006). Nielsen (1999) mentioned that the groundwater overheight 
depends on the wave amplitude, tide range and the beachface slope. For example, 
several metres super-elevation of the groundwater is observed when large waves or 
tides occur on a flat sandy beach. As shown in Figure 2.1 the groundwater table 
increases landward of the shoreline. At high tide, this rise is because of the infiltration 
from waves. This procedure changes the shape of the water table to a humped-shape 
with the maximum near the run-up limit. The water table fluctuates between UENV 
and LENV (upper and lower boundaries of water table fluctuation). The difference 
between the elevation of the intersection of UENV and LENV, and MSL (Mean Sea 
level) is used to determine the average super-elevation of the groundwater (η+) 
(Nielsen, 1999). Turner et al. (1997) also showed that wave run-up, variation in tide 
and rainfall cause a super-elevation of the groundwater table above the tide elevation. 
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Figure 2.1 Parameters used in formulating the coastal boundary condition for 
groundwater modeling. SWS (Still Water Surface): the smooth sea surface without 
considering waves that fluctuates with changes in atmospheric pressure and tides; 
MWS (Mean Water Surface): the local short time averaging of the water elevation, 
and is averaged over the scale of individual waves; SL: the shoreline position and RL 
is run-up limit. (Nielsen, 1999) 
 
Besides offshore factors, groundwater location and its movement are generally 
related to the geology and soils comprising the coastal zone. Groundwater can be 
located within several feet of the ground surface or deeper within sandy beaches. 
Basically, there are three approaches for monitoring the groundwater elevations and 
flow in a sandy coastal aquifers: A) measurements of the hydraulic head using 
piezometers to determine vertical and horizontal flows through the aquifer; B) 
measurements of the local water table elevations using data collected from 
monitoring wells (Turner, 1998); C) the extend of the seepage face, which exposes 
across the beachface and groundwater seepage line that outcrops the beach (Figure 
2.2). 
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Figure 2.2 A Snap-shot of swash and groundwater seepage line at Raglan beach. 
Groundwater seepage face appears as a shiny area between seepage line and 
shoreline. (Huisman et al., 2011). 
 
Groundwater studies at coastal zones showed that, in practical applications, 
landward of the swash zone the water table is approximately horizontal and shore-
normal. The assumption of one-dimensional flow equates the phreatic surface - the 
location where the pore water pressure is under atmospheric conditions - to the water 
levels monitored in each piezometer using equations by Dupuit (1863) and 
Forchheimer (1930). 
On high tide, the infiltration of seawater to the coastal aquifer causes the water 
table to rise. During the descending tide, if the beach drains more slowly than the tide 
falls, the groundwater seepage face (Figure 2.3) will appear between the shoreline 
(SL) and the groundwater seepage line (GWSL) because of the groundwater 
exfiltration (Turner, 1993). The seepage face is a dynamic area between the shoreline 
and the intersection of the water table and the beachface (Turner, 1995). The 
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intersection of the seepage line and the cross-shore profile indicates the groundwater 
exit point that differentiates the upper unsaturated zone from the lower saturated land 
part. Monitoring of the groundwater seepage line has been done on a number of 
beaches in order to understand the role that groundwater seepage might play in 
controlling beach dynamics. For example, Turner (1998) determined the dynamics of 
the exit point, where the groundwater table crosses the beachface, using linear 
interpolation between piezometers and observed data from different beaches over a 
tidal cycle. The dynamics of the groundwater exit point on the beachface specifies the 
time-varying area of the saturated and unsaturated parts in the intertidal zone. The 
elevation of the groundwater exit point specifies a boundary between two different 
intertidal areas (upper and lower regions), before over-topping by the rising tide 
(Turner, 1995). The seepage face parameter was applied by Turner (1993, 1995) to 
illustrate the sensitivity of the coastal seepage face development to tide, beach profile 
and sediment characteristic (Figure 2.4). Turner (1993) indicated that the seepage 
face is a function of the profile slope and permeability characteristics (such as soil 
porosity).  
 
Figure 2.3 The sketch of the seepage face and definition of the exit point (Turner, 
1993) 
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Figure 2.4 Seepage face parameter as a function of tide range (TR), hydraulic 
conductivity and beachface slope (Turner, 1995) 
 
The development and motion of the seepage face has been modeled using only the 
ascending and descending tide and beach permeability; however pressure distribution 
within the beach are often neglected in early work. For example, the point of 
outcropping (exit point) and the movement of the seepage face across the intertidal 
profile and consequently the extent of the saturated and unsaturated regions of the 
intertidal zone were simulated by Turner (1993) using the “SEEP” Model (Turner, 
1993 and 1995). Applying the SEEP model showed that even small changes in the 
beachface slope and permeability characteristics cause large changes in exit point 
location (Turner, 1993), and the exit point fall increases when soil permeability and 
beach slope are increased. After Turner (1993 and 1995), the movement of the 
groundwater exit point along the seepage line, and the separation between the wet-dry 
boundary and the tide (or the mean position of the swash) have been largely 
simulated by more complex models, which include pressure gradients (Li et al., 1997; 
Baird et al., 1998; Li and Barry, 2000; Li et al., 2000, 2002; Huisman et al., 2011) 
(e.g. Figures 2.5, 2.6 and 2.7). 
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Figure 2.5 Decoupling between the tide (solid line) and groundwater exit point 
(dashes); and formation of the seepage face (Li et al., 1997). 
 
 
Figure 2.6 Seepage face extent across the intertidal profile (Turner, 1998). 
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Figure 2.7 Decoupling between the shoreline (circles) and seepage line 
(triangles); A: the difference between the seepage line and shoreline is similar at low 
tide and high tide. B: the difference is much larger at low tide than high tide. 
(Huisman et al., 2011). 
 
Huisman et al., (2011) indicated that there were 6 days where the difference in 
elevation between the wet–dry boundary and the shoreline remained constant. The 
difference (Δz in Figure 2.7A) is equal to the difference between the run-up maxima 
and the shoreline elevation. In this case when a coupled groundwater seepage line 
(GWSL) developed, the wet–dry boundary is related to the upper swash limit. 
Reversely, during the other 8 days of their experiment, the wet–dry boundary and the 
shoreline decoupled (Figure 2.7B). They described that in these days Δz is more 
related to the beach watertable rather than run-up at low tide. 
There is a strong empirical relationship between the water table elevation and 
foreshore erosion and slope (Harrison, 1969), and maximum degradation occurs when 
the beachface is saturated (Eliot and Clarke, 1988). Many field and laboratory 
experiments have indicated that a high beach groundwater table promotes beach 
erosion and the low water table enhances beach accretion (e.g. Grant, 1948; Baird and 
Horn, 1996; Turner and Leatherman, 1997; Li et al., 2002) (Figure 2.8).  
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Figure 2.8 Conceptual model of the relationship between beach groundwater and 
sediment transport in the swash zone (after Grant 1948; Baird and Horn, 1996). 
 
Groundwater seeping from the beachface can induce lower beachface volume (e.g. 
Grant, 1948; Duncan, 1964; Harrison, 1969; Eliot and Clarke, 1986; Baird and Horn, 
1996; Turner and Leatherman, 1997; Li et al., 2002), and so may play a role in 
controlling the development of the beach morphology, beachface dynamics, and, 
consequently, the stability of the coastline (e.g. Hegge and Masselink, 1991). Higher 
water tables influence swash sediment transport by causing saturation and enhanced 
entrainment and subsequently, lower beachface volume (Grant, 1948; Duncan, 1964; 
Eliot and Clarke, 1988; Turner, 1995). Thus, there is a negative correlation between 
the water table elevation and beachface volume, in which beachface volume 
decreases with increase in groundwater elevation (e.g. Duncan, 1964; Turner and 
Leatherman, 1997). The beach water table can change not only due to variations in 
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the inland water table, but also when the sea level rises causing infiltration of 
seawater into the beachface. 
The relationship between the beach groundwater table and beach profile changes has 
been demonstrated in numerous field investigations (e.g. Duncan, 1964; Eliot and 
Clarke, 1986, 1988; Turner, 1993; Turner and Leatherman, 1997; Li et al., 2002). 
Duncan (1964) studied the cyclic beach cut and fill patterns in foreshore beach profile 
during a single semi-durnal tidal cycle on the gently-sloping Manhattan Beach, 
California. He attributed some of the variations to the interaction between the location 
of the swash zone and the groundwater out-cropping. Harrison (1969) built on this 
earlier study by empirically showing that the ratio of the hydraulic head of the 
groundwater to the swash run-up may explain the changes in foreshore morphology 
during the falling tide. 
It can be concluded that there is a negative correlation between the seepage line 
elevation and the beachface volume, which means beachface volume is reduced with 
increases in the groundwater table elevation. Further, swash and beach groundwater 
causes beach erosion in saturated beachface (e.g. Eliot and Clarke, 1988; Grant, 1948; 
Turner, 1993, 1995). In fact, the elevation of the beach groundwater is an important 
factor affecting beachface dynamics and changing the coastline stability (Hegge and 
Masselink, 1991). On the other hand, changes in the beachface volume can also alter 
the groundwater table as a consequence of changes to the sediment characteristics. 
The soil properties change during time and vary the rate of infiltration from the sea 
(Holman, 2006). This feedback process can be an important issue in groundwater 
modelling. 
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2.2 Video techniques 
 
Relating beach erosion to groundwater table dynamics requires robust 
measurements of changes in the foreshore slope over morphologically-relevant time 
scales. Monitoring foreshore changes through time has been considered by coastal 
engineers both for research purpose and practical applications. As observation of 
beach variation using surveyed profiles is a time-consuming and expensive approach, 
measurement of the past shoreline changes are often carried out using aerial 
photographs. One of the cheapest and automated approaches for beach observation is 
video imagery (Smith and Bryan, 2007). Although new surveying systems such as 
kinematic GPS, or LIDAR scanners, can be used for quick data collection in the field, 
such video-based techniques have provided the ability to automatically collect data. 
High resolution images in space and time are two of the most important 
characteristics of this system for coastal management (Koningsveld et al., 2007). As 
optical remote sensing techniques have presented cost efficient and long-term data 
with minimum operational difficulties (Holman and Stanley, 2007), these techniques 
have become an effective alternative to classical surveying approaches. The coastal 
video system that was first presented as the ARGUS programme has been developed 
over two decades by the Coastal Imaging Lab (CIL) at Oregon State University 
(OSU; http://www.coas.oregonstate.edu/) (Holman and Stanley, 2007; Aarninkhof et 
al., 2003). The main purpose of this programme was to develop approaches for low-
cost long-term optical measurements, using Argus Stations. In recent years, the Argus 
Programme has facilitated obtaining large number of geophysical parameters from 
image data including, coastal morphology, surface currents and wave parameters. 
The ARGUS and Cam-Era video systems are two of optical video techniques that 
help us with monitoring coastal morphology and morphodynamics using high 
resolution images during long term periods. Every hour (for ARGUS) or every half-
hour (for Cam-Era) during daylight conditions, an on-site computer collects a 
snapshot image, an average image and a variance image, which described as follow. 
Among different types of video-images, time exposure images have been largely used 
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for discovering morphological patterns (Lippmann and Holman, 1989; Holman and 
Stanley, 2007). 
 Single Snapshot image: at the beginning of each hour the camera takes a single 
snapshot image to record the beach conditions and also produce an image that could 
be used in explaining other collected data. 
 Time-averaged (Timex or time-exposure) images: these images are the most 
important images in video systems that are collected hourly or every half-hour (in 
ARGUS and Cam-Era, respectively). Although, Timex images do not have visual 
points and marks associated with individual waves, each image shows the time-mean 
of all of the frames, which taken of 2 Hz during 10-minute period of the procedure 
(Holman and Stanley, 2007). The images obtained during low tide indicate the 
intertidal morphology (bars, troughs and rips). 
 Variance images: variance images are collected based on the same 10-minute 
period of sampling as Timex images. The difference between these two types of 
images is that variance images are produced from the standard deviation of 10-minute 
period image intensities, while time-averaged images are the time-mean of image 
intensities. Variance images show the areas of greatest change, and are mainly used to 
define the surfzone and the area, which waves break. The surfzone is shown as a 
bright area, because of the waves breaking, while the dark part in a variance image 
shows the sandy beach, which does not change over the 10-minute interval (Holman 
and Stanley, 2007).  
In the spatial domain, the nearshore is an area where wave characteristics change 
over several hundred metres as the waves shoal, break, disperse across a surf zone, 
and reflect from the shore in the swash zone. In the first 100 m from the beach, rip 
currents usually cause strong variations (Holman and Stanley, 2007). Bathymetry 
changes greatly over tens to hundreds of metres. In this area sand bars occur in very 
complex forms (Lippmann and Holman, 1990). Morphodynamics of the nearshore 
system, which is the response of nearshore to the overlying waves and currents, 
represents the time-averaged quasi-equilibrium of the forcing and responses, and 
should be quantified to understand the beach behaviour. Time intervals used for 
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sampling (e.g. taking each of the photos in the video sequence) are very important. 
The periods of wind waves and swell is 10s, so sampling must be considered at 
several samples per second (Holman and Stanley, 2007). Tide causes fluctuations of 
surfzone characteristics with approximately 12-hour periods. Bathymetry variations at 
the shoreline can happen in hours; and storms can affect sand bars in one day 
(Sallenger et al., 1985; Holman and Stanley, 2007). 
Optical techniques allow us to see features because of the variations in the 
reflection coefficient of water with sea surface slope, such as the length, direction and 
period of waves (Holman and Stanley, 2007). Fluctuations in wave breaking, which 
cause wave foam are also easily identified in the images. Wave breaking is one of the 
most important drivers of the dynamics of nearshore wave and current (e.g. 
Lippmann et al., 1997). In addition, zones of concentrated wave breaking show the 
location of the submerged sand bars (Lippmann and Holman, 1989). Video-based 
techniques have been used for: measurement of the sediment transport (Drake et al., 
1988); measurement of the wave run up (Holland et al., 1995; Holland and Holman, 
1993); the location of the shoreline and sand bars (Lippmann and Holman, 1989, 
1990); beach profiles (Holman et al., 1991); determination of the intertidal beach 
elevations over the alongshore during a specified period (Plant and Holman, 1997); 
estimation of the operation of coastal protection structures (Aarninkhof, et al., 2003); 
extracting the wet-dry boundary across the beachface (Huisman et al., 2011) and 
mapping beach bathymetry (Uunk et al., 2010).  
Among mentioned application of video images in coastal sciences, determining the 
position of the rip currents and extracting the shoreline and groundwater seepage line 
were studied as part of this thesis: 
 There is a correlation between the white narrow part of time-averaged images and 
the location of the submerged sand bar crests. This relationship was firstly presented 
by Lippman and Holman (1989). In time-averaged images areas with low intensity, 
which appear as black, show rip currents. Sand bars are often cut by cross-shore rip 
channels (Holman and Stanley, 2007) and appear as white in the time-averaged 
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images. Hence, this type of images can be used to determine the morphology and the 
location of the nearshore sand bars and rip currents (Lippmann and Holman, 1989). 
 
 Shoreline could be determined as the bright narrow part of the shore break, and it 
could be defined using time-averaged video images. This technique is based on the 
difference between the colour and contrast of the dry and wet sand (Plant and 
Holman, 1997; Aarninkhof et al., 2003). The shoreline could be also extracted from 
timestack images (Huisman et al., 2011). As shoreline mapping needs only a few 
image frames provided by a specific camera location, shoreline mapping has become 
one of the most practical approaches among other methods (Plant et al., 2007). There 
are several different approaches to the shoreline mapping method using images 
received from one specific camera. Some shoreline discovering methods are as 
follows: 
 Shore Line Intensity Maximum (SLIM Model) (Plant and Holman, 1997): In this 
method, a superposition of Quadratic and Gaussian-shaped functions was fitted to the 
intensities along a cross-shore transect that included the entire intertidal zone; 
therefore, SLIM positions were located with corresponding uncertainty distributions. 
At regions with steep slope of the intertidal beach and narrow intertidal zone; clear 
swash zone shows that SLIM method could be a good factor for describing the actual 
shoreline (Plant et al., 2007). On the other hand, as this algorithm determines the 
shoreline based on the existence of the narrow bright part relative to the shore break 
that does not exist in dissipative beaches (Aarninkhof et al., 2003; Plant et al., 2007), 
the application of this model will be limited to non-dissipative beaches. 
 Pixel Intensity Clustering (PIC Model) (Aarninkhof et al., 2003; Plant et al., 2007): 
As the SLIM method commonly had inaccurate results for more dissipative coastlines 
with gentle beach slope, the PIC Model was developed. In this method, the difference 
in colour between the dry and wet sand is considered. In the first step, values in the 
red, green, and blue (RGB) channels are converted into hue, saturation, and intensity 
values (HSV) (Plant et al, 2007). HSV-space is more sensitive for this application 
rather than RGB-space, because colour information (H and S) is separated from gray 
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scale intensity and luminance information (Huisman et al., 2011). In the next step, a 
HS histogram of the hue and saturation or intensity is used to specify the shoreline. In 
the HS histogram, pixels related to the water are largely distinguished from ones 
corresponding to the dry land. By this way, the shoreline location could be specified 
as a line where a discriminator function is equal to zero (Plant et al., 2007). It should 
be noted that the earlier SLIM method that was based on discovering the shoreline 
using HSV images can be only used when there is no groundwater seepage on the 
beach (Huisman et al., 2011). 
 Colour Channel Divergence (CCD Model) (Plant et al., 2007; Smith and Bryan, 
2007): The main assumption of this approach is that the comparative amount of the 
blue and red light on camera could differentiate the water part of the image from sand 
surface. 
Figures 2.9, 2.10, 2.11 show some of the recent works on extracting shoreline from 
video images. 
 
Figure 2.9 PIC detection method in extracting shoreline from video images (Aarninkhof 
et al., 2003). 
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Figure 2.10 CCD method. The divergence of the red and blue intensity shows the 
shoreline location (Plant et al., 2007). 
 
 
Figure 2.11 Comparison between different shoreline detecting methods (Plant et 
al., 2007). 
 
 The groundwater seepage line could also be extracted from video images. The wet-
dry boundary could be found using 10-minute time-averaged images. The research 
carried out by Huisman et al. (2011) showed that the wet-dry boundary is closely 
associated with the groundwater seepage line. They noted that in some days of beach 
observation using video imagery, the wet-dry boundary got separated from the actual 
shoreline during falling tide; and the wet-dry boundary shows the groundwater 
seepage line (GWSL) around the low tide time. On the other hand, groundwater 
seepage line was not obvious in video images when the elevation difference between 
the shoreline and wet-dry boundary stay the same during the tide cycle. In fact at high 
tide, the wet-dry boundary represents the upper limit of the swash zone and super-
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elevation in this boundary above the shoreline is always because of the swash 
dynamics (Huisman et al., 2011) (Figures 2.7). 
 
 Study the movement of the waterline on video images during a tidal cycle can be 
used to generate intertidal beach morphology maps. Even though video is generally 
only suitable for monitoring intertidal volumes, these volumes are well correlated 
with changes to the beachface volume (e.g. Figure 2.12). The effects of sand 
extraction, storms, sea level changes, and coastal protection works on beaches could 
be expressed by the volumetric beachface changes (e.g., Smith and Bryan, 2007). 
 
Figure 2.12 A schematic of the beach profile and best fit line of the intertidal 
profile determined from the hourly video images (Smith and Bryan, 2007). 
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To sum up, video imagery has become one of the most effective ways to study 
nearshore processes. Although the new video image technique shows good results for 
steep reflective regions, they tend to be less precise for flatter dissipative areas 
(Aarninkhof, et al., 2003). Therefore, there is a need to refine the technique for flat 
dissipative beaches. Furthermore, the acceptance of this new method could be 
increased by contrasting it with more conventional and accepted techniques and other 
data sources to show its advantages, reliability and accuracy (Koningsveld, et al., 
2007).
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3.1 Introduction 
 
As described before, groundwater seeping from the beachface can induce lower 
beachface volume (e.g. Grant, 1948; Duncan, 1964; Harrison, 1969; Eliot and Clarke, 
1986; Baird and Horn, 1996; Turner and Leatherman, 1997; Li et al., 2002), and so 
may play a role in controlling the development of the beach morphology, beachface 
dynamics, and, consequently, the stability of the coastline (e.g. Hegge and Masselink, 
1991). Higher water tables influence swash sediment transport by causing saturation 
and enhanced entrainment and subsequently, lower beachface volume (Grant, 1948; 
Duncan, 1964; Eliot and Clarke, 1988; Turner, 1995). Thus, there is a negative 
correlation between the water table elevation and beachface volume, in which 
beachface volume decreases with increase in groundwater elevation (e.g. Duncan, 
1964; Turner and Leatherman, 1997). The beach water table can change not only due 
to variations in the inland water table, but also when the sea level rises causing 
infiltration of seawater into the beachface. Areas where local increases in the water 
table occur might drive localized 'hot-spots' of the lower beachface volume. Such hot-
spots are difficult for coastal engineers to model, yet they can be a large contributor 
to the coastal erosion hazard (List et al., 2006). Such hot-spots may play a role in the 
development of patterns on beaches, which have been attributed to rip current 
circulation (Thornton et al., 2007), the influence of offshore structures and/or the 
coupling with offshore bars (Castelle et al., 2010). In the case of patterns caused by 
rip currents, the mega-cusp embayment generally occurs at the intake of the rip 
current (e.g. Thornton et al., 2007; Short and Hesp, 1982). 
The largest change in water level on a meso- to macro-tidal beach is caused by the 
tide. At high tide, the infiltration from the elevated sea level causes the groundwater 
table to rise. During the descending tide, if the beach drains more slowly than the tide 
falls, the groundwater table separates from the sea level, water outcrops in the 
intertidal zone and the groundwater seepage face will be formed between the 
shoreline (SL) and the groundwater seepage line (GWSL) (Turner, 1993, 1995). The 
groundwater seepage line often appears on gently sloping, fine-grained beaches 
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especially with large tidal ranges (Turner et al., 1997; Huisman et al., 2011). The 
sediment characteristics control the drainage rate by controlling the hydraulic 
conductivity. On a cross-shore profile of the beach, the upper limit of the seepage 
face indicates the groundwater exit point that differentiates the upper unsaturated 
zone from the lower saturated land part. The groundwater exit point is the point at 
which the seepage line intersects a beach profile.  
The relationship between the beach groundwater table and beach profile changes 
has been demonstrated in numerous field investigations (e.g. Duncan, 1964; Eliot and 
Clarke, 1986, 1988; Turner, 1993; Turner and Leatherman, 1997; Li et al., 2002). 
Duncan (1964) studied the cyclic beach cut and fill patterns in foreshore beach profile 
during a single semi-durnal tidal cycle on the gently-sloping Manhattan Beach, 
California. He attributed some of the variations to the interaction between the location 
of the swash zone and the groundwater out-cropping. Harrison (1969) built on this 
earlier study by empirically showing that the ratio of the hydraulic head of the 
groundwater to the swash run-up may explain the changes in foreshore morphology 
during the falling tide. Field experiments by Eliot and Clarke (1988) confirmed that 
when the beachface was most saturated and the groundwater table was at the highest 
elevation, the maximum beach profile erosion occurred, although results were 
dependent on slope. Turner (1993, 1995) measured the dynamics of the groundwater 
exit point and development of the groundwater seepage face using linear interpolation 
between piezometer data over a tidal cycle and compared results to his model “SEEP” 
at North Harbour Beach, Queensland, Australia. In his model, the seepage face was a 
function of the profile slope and permeability characteristics only. According to his 
results, the elevation of the groundwater seepage line decreases with increasing 
hydraulic conductivity and beachface slope and even small changes in beachface 
slope and permeability characteristics caused large changes to the seepage line 
movement. 
The movement of the seepage line and the variation of the saturated zone on the 
beach have been modeled more extensively using Darcy's Law and various 
approximations to Laplace's equations. The Boussinesq equation, a simplified form of 
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Laplace's equation, has also been used to predict the surface of the beach groundwater 
table. Parlange et al. (1984) applied the non-linear one-dimensional Boussinesq 
equation to calculate the unconfined groundwater flow induced by tidal variation. 
Nielsen (1990) used an analytical solution to the Boussinesq equation and assumed 
that the beachface slope was a constant to show that the groundwater table 
fluctuations became negligible with increasing the shoreward distance. Baird et al. 
(1998) showed that the groundwater flow could be explained by the one-dimensional 
Boussinesq equation. 
𝜕ℎ
𝜕𝑡
=
𝐾
𝑆𝑦
𝜕
𝜕𝑥
(ℎ
𝜕ℎ
𝜕𝑥
)           (Eq. 3.1) 
where h is the groundwater table elevation, K is the hydraulic conductivity of the 
beach, Sy is the specific yield (also described as a dimensionless parameter called 
porosity), x is horizontal cross-shore distance, and t is time. The assumption of 
applying this equation is that the Dupuit-Forchheimer (D-F) approximation describes 
the groundwater flow. The D-F approximation assumes that the groundwater flow is 
horizontal and changes in the hydraulic head with groundwater depth are negligible. 
In this case, the surface slope of the groundwater table is assumed to be relatively 
small (e.g. Kirkham, 1967, Baird et al., 1998). 
Raubenheimer et al. (1999) applied a non-linear one-dimensional Boussinesq 
equation (Eq. 3.1) and the linear form (Eq. 3.2). 
𝜕ℎ
𝜕𝑡
=
𝐾𝐷
𝑆𝑦
𝜕2ℎ
𝜕𝑥2
            (Eq. 3.2) 
where D is the averaged-aquifer thickness. They showed that using a variable aquifer 
depth (rather than constant) and linear (rather than non-linear) solution had only a 
minor effect on the modeled water table. Previous studies carried out by Nielsen 
(1990) had shown that the linear solution with constant saturated aquifer thickness 
(Eq. 3.2) could be used if the ratio of the tidal range to the aquifer thickness is small. 
In this equation, the density gradients are assumed to be negligible and horizontal 
flows are much greater than vertical flows. The study carried out by Raubenheimer et 
al., (1999) showed that under their model assumptions, the horizontal flows on a 
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beach are usually much larger than vertical flows. Li et al. (2006) also applied the 2D 
form of the Boussinesq equation (in horizontal cross-shore and alongshore directions) 
showing that their model was sensitive to the ratio of K/Sy. 
Although the relationship between the groundwater and the beachface volume has 
been studied previously, very few people have modeled the beach profile changes 
caused by groundwater variations. For instance, Li et al. (2002) presented a numerical 
model to simulate the interaction between the wave motion, the groundwater, the 
swash sediment transport and changes in beach profiles. The model solved the 
Laplace equation for saturated flow in the aquifer, and was coupled to a sediment 
transport morphological model to predict profile variations including formation of a 
bar and berm. However, they noted that the model needed to be validated using field 
experiments. 
The objectives of this Chapter are two-fold: Firstly, to study the correlation 
between the groundwater seepage line (GWSL), surfzone morphology (SM) and the 
intertidal beachface volume (Vo) on a gently-sloping beach (Muriwai Beach) to see to 
what degree the alongshore variation in the beach morphology is related to the 
alongshore changes in the GWSL and SM. Secondly, to present a numerical model 
based on the Boussinesq formula to study the effect of the beach properties and 
seaward water level conditions on changing the groundwater seepage line across the 
beach profile. The model is used to explain the correlations observed in the field by 
investigating the sensitivity of the seepage line to beach hydraulic conductivity, 
beachface slope, tide variations and wave set-up. The outcome of this study will be a 
better understanding of the processes that control hot-spot occurrence on beaches and 
lead to better models for predicting lower beachface volume hazards. 
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3.2 Field data 
 
3.2.1 Site description 
 
As it mentioned in the first Chapter, Muriwai beach is a meso-tidal gently-sloping 
beach located on the west coast of New Zealand's North Island, approximately 35 km 
west of Auckland and 48 km south of Kaipara Harbour entrance (Figure 3.1). The 
study area is the 2.5 km stretch located between Okiritoto Stream and Otakamiro 
Point. The beachface has an average slope of 0.01 and generally consists of fine black 
sands with the mean diameter of 0.25 mm (Brander and Short, 2000). The 
groundwater seepage face, which generally appears between the shoreline (SL) and 
the groundwater seepage line (GWSL) during the retreating tide, is clearly exposed as 
a glassy surface, and so could be obtained using standard surveying techniques. 
 
Figure 3.1 Left panel: Location of the field site on the northwest coast of the 
North Island of New Zealand; Right panel: Aerial image of the Muriwai Beach and 
the studied zone (Image retrieved from Land Information, New Zealand. 
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3.2.2 Surveying data 
 
In 2003, Amy Robinson surveyed the beachface and the seepage line using an 
RTK-GPS (the real time kinematic global positioning system), which was fixed to a 
quad bike and collected points continuously with 10 m intervals and 1 s frequencies. 
These surveys were repeated every 3 months for one year, giving five datasets. In 
December 2002 and October 2003, full beach surveys were collected at 20 m cross-
shore intervals. In addition, the GWSL was surveyed by driving the bike along the 
edge of the saturated-unsaturated boundary. One GWSL survey was taken in 
December and one in October. During February, May and August 2003, surveys were 
taken every 30 minutes between the high and the low tide following the retreating 
groundwater seepage line. Three shore-normal beach profiles entitled "South", 
"Middle" and "North" (Figure 3.1), which are 330, 1280 and 2150 m from Otakamiro 
Point respectively, were surveyed in five months (Robinson, 2004).  
In this study alongshore variation of the intertidal beachface volume was calculated 
by gridding the RTK-GPS data on a 5 m (alongshore) by 1 m (cross-shore) grid. The 
surveying positions were transformed into an alongshore and cross-shore aligned 
coordinate system. This was accomplished by defining a common baseline shoreline, 
and calculating the perpendicular distance between each surveyed data point and this 
baseline. The beach was re-gridded onto this coordinate system, and the volumes 
calculated using an area-preserving gridding routine. This transformation caused the 
beach to be straightened. The surveyed seepage line was also transformed to the same 
coordinate system. Figure 3.2 shows an example of the straightened beach in February 
2003. The gridding scheme interpolated outside the region where the data was 
collected (data collected by Amy Robinson, 2003, 2004). In the analysis, only the 
beach volume in the intertidal region was calculated. Smith and Bryan (2007) showed 
that the changes in intertidal beachface volume could be a representative of the total 
beach volumetric change. The intertidal zone is shown as the region between the high 
tide and the low tide elevation contours (Figure 3.2 red dash-dot and red dash line, 
respectively). Black dots indicate four GWSL surveys carried out between the high 
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tide and the low tide. The de-coupling of the lowest groundwater seepage line, 
surveyed at low tide, from the low tide elevation is evident.  
 
Figure 3.2 Surveying data in February 2003 including four groundwater seepage 
line measurements and three beach profiles (the profiles are three lines that run 
perpendicular to the beach). The area between red dashed line and red dashed-dot 
line indicates the intertidal beach zone. 
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3.3 Methods 
 
3.3.1 Video images 
 
As rip currents can also have a significant effect on beach cross-shore changes (e.g. 
Thornton et al., 2007), surfzone morphology was quantified using an ARGUS video 
imaging system located at the top of the hill in the southern end of Muriwai Beach 
near Otakamiro Point (Figure 3.1). Collected data consist of three different images: 
single snapshot, time-averaged and variance images. There is a correlation between 
light intensity in the time-averaged images and the location of submerged sand bar 
crests, as demonstrated by Lippmann and Holman (1989). In time-averaged images, 
areas with low intensity, which appear darker, show rip currents. Sand bars are often 
intersected by cross-shore rip channels and appear lighter in time-averaged images 
(e.g. Holman and Stanley, 2007, Lippmann and Holman, 1989). In this study, time-
averaged images (which are the average of 10-minutes of video footage at Muriwai 
Beach) were rectified and then the alongshore variation of the pixel intensity was 
extracted (Figure 3.3).The pixel intensity was extracted as a cross-shore average in the 
surfzone area. It is assumed to be an indicator of the influence of surfzone 
morphology and so hereafter is referred to as “surfzone morphology (SM)’’. The 
GWSL can be also extracted from time-averaged images (Huisman et al., 2011), 
although in this study I used surveyed GWSL. 
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Figure 3.3 Panel A: Straightened and interpolated time-averaged image in 
February 2003 (taken at low tide). The area between the horizontal black line and 
dash line indicates the inner zone; and the outer zone is specified between the black 
line and the dot-dash line. In the top of the image, ticker blue line shows the lower 
seepage line among four observed seepage lines. Panel B: Variations of the pixel 
intensity versus alongshore distance. 
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3.3.2 Statistical methods 
 
The variation in the intertidal beachface volume (Vo) was regressed against the 
groundwater seepage line (GWSL) and surfzone morphology (SM) using five 
regression models. Three linear regression and two nonlinear regression models were 
considered: 
Model 1: 𝑉𝑜 = 𝑎1 + 𝑎2 × 𝐺𝑊𝑆𝐿     (Eq. 3.3) 
Model 2: 𝑉𝑜 = 𝑎1 + 𝑎2 × 𝑆𝑀 
Model 3: 𝑉𝑜 = 𝑎1 + 𝑎2 × 𝐺𝑊𝑆𝐿 + 𝑎3 × 𝑆𝑀  
Model 4: 𝑉𝑜 = 𝑎1 + 𝑎2 × 𝐺𝑊𝑆𝐿 + 𝑎3 × 𝑆𝑀 + 𝑎4 × 𝐺𝑊𝑆𝐿 × 𝑆𝑀 
Model 5: 𝑉𝑜 = 𝑎1 + 𝑎2 × 𝐺𝑊𝑆𝐿 + 𝑎3 × 𝑆𝑀 + 𝑎4 × 𝐺𝑊𝑆𝐿
2 + 𝑎5 × 𝑆𝑀
2 +
𝑎6 × 𝐺𝑊𝑆𝐿 × 𝑆𝑀 
where ai are the regression coefficients. The regression analysis was performed using 
sliding windows, where the window was moved alongshore to provide alongshore 
continuous estimates of the regression coefficients (values for the r-square and F-
statistic). A range of window sizes (20-200 points) was trialed with the objective of 
maximizing statistical significance of the model results for each of five datasets and 
five regression models (19 windows=475 runs). This made it possible to identify the 
window size with the highest r-square combined with the highest statistical 
significance level. To determine the statistical significance level within each data 
block, I could not use every point of the Vo, SM and GWSL time series, because the 
points are auto-correlated and not independent (the number of points is subjectively 
chosen in the gridding). Hence, the number of independent points was calculated 
using the autocorrelation (so, for example, if the points de-correlated at 20m, then 
only every fourth point is independent, and the degrees of freedom for a 50 point 
window should be approximately 12 points). The F-statistic value was compared with 
two F-statistics values (α=5 and 10%, where α is the statistical significance level), to 
determine if the results were significant.  
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3.3.3 Numerical modelling 
 
The statistical analysis can detect correlation but not establish causation. 
Therefore, to interpret the results of the analysis, I tested the sensitivity of the seepage 
line to beach hydraulic conductivity, beachface slope, tide variations and wave set-up. 
The horizontal shore-normal groundwater flow through an aquifer can be explained 
by Boussinesq equation (Eq. 3.2). According to the Krumbein and Monk formula 
(1942), the hydraulic conductivity (K) can be calculated based on the mean grain size 
and grain sorting characteristics (Eq. 3.4a) (e.g. Turner, 1995; Baird and Horn, 1996). 
𝐾 =
760.𝑔.𝑑𝑚2.𝑒1.31∅
𝜐
× 0.987 × 10−12                     (Eq. 3.4a) 
where, g is the acceleration due to gravity, dm is the mean grain size (mm), ∅ is the 
standard deviation of grain size (mm) and 𝜐 is the kinematic viscosity of the beach 
groundwater (m2.s-1). Sediment porosity was also estimated from Vukovic and Soro 
(1992) (Odong, 2007): 
𝑛 = 0.255 (1 + 0.83
𝑑60
𝑑10)                         (Eq. 3.4b) 
where, d10 and d60 are the grain diameter in (mm) for which 10% and 60% of the 
sample are finer, respectively. In this study, 74 sediment samples collected over five 
months along the north, middle and south profiles were used to calculate the 
hydraulic conductivity (Robinson, 2004). The estimated hydraulic conductivity using 
ranged from 0.00016 to 0.00059 m/s at different alongshore and cross-shore 
locations. The average calculated porosity (Eq. 3.4b) was 0.45. 
The numerical model developed for this study used a standard explicit finite 
difference method to solve the governing equation (Eq. 3.2), based on forward 
differencing in time and central differencing in the cross-shore position. A small time 
and distance step (Δt = 0.5 minutes, and Δx = 1 m) were used in the model to ensure 
the stability of the numerical solution. Figure 3.4 shows an example of the modeled 
groundwater profile during a tidal cycle of 3.2 m. The thicker lines show the 
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groundwater profile at low tide. Two months (August as an indicator of winter in 
New Zealand and February for summer) were studied. 
 
Figure 3.4 Beach groundwater profile during a tidal cycle (example for a beach 
profile in February) 
 
The landward boundary condition of the model was set to the inland groundwater 
table (assumed to vary between 1 and 4 m above the mean sea level). When 
simulating observed groundwater seepage line, this was used as a fitting parameter. 
The seaward boundary was also set to the tide elevation with or without adding an 
offset to simulate the wave set-up. The tidal range was selected according to the 
NIWA tide model forecast for each survey date, and varied between -1.55 and 1.54 
on 18thFebruary and between -1.37 and 1.52 on 28thAugust 2003. 
The wave set-up was approximated using Bowen et al. (1968) formula for these 
months. However, the wave set-up varying between zero and one was used in 
sensitivity analysis. 
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𝜂𝑠𝑒𝑡−𝑢𝑝 =
3
8
𝛾2
(ℎ𝑏+ℎ𝑡𝑖𝑑𝑒)
(1+
3
8
𝛾2)
                (Eq. 3.5a) 
ℎ𝑏 =
𝐻𝑟𝑚𝑠
𝛾
         (Eq. 3.5b) 
𝐻𝑟𝑚𝑠 =
𝐻𝑆
√2
         (Eq. 3.5c) 
where hb is the height of the breaking wave, Hrms is the root mean-square wave 
height, HS is significant wave height, htide is tidal level, 𝛾 is the wave breaking 
coefficient, and ηset-up is the wave set-up height. A 𝛾 of 0.55 was assumed, which is 
consistent with other studies (e.g. Bryan et al., 2007). Considering the mean 
significant wave height of 2.57 m in August and 1.87 m in February (retrieved from 
the NOAA global wind cast (ftp://polar.ncep.noaa.gov/pub/history/waves, 2003), the 
average wave set-up heights of 0.53 and 0.43 m were obtained in these months 
respectively. 
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3.4 Field data analysis and results 
 
Figure 3.5 shows the results of statistical model 3, where Vo was regressed with 
independent values of GWSL and SM. The r-square value of the regression model 
usually decreases with an increase in the number of points used in the sliding window 
(Figure 3.5A). For all five datasets, the highest r-square values are obtained using a 
window size of 20 points. The second panel shows the statistical significance, which 
was calculated based on the number of independent points (adjusted degrees of 
freedom) in each of the sliding windows. Statistically significant results (with a 95% 
confident level) were obtained for 4 of the datasets (August, February, May and 
October) using a window size of 50 points (equal to 250 m alongshore). No window 
size provided statistically significant results in December.  
 
 
 
Figure 3.5 Panel A: the variation of the r-square values for model 3 (𝑉𝑜 = 𝑎1 +
𝑎2 × 𝐺𝑊𝑆𝐿 + 𝑎3 × 𝑆𝑀) versus window sizes in 5 months. Panel B: the variation of 
the F-statistic with window size and the zone of statistically significant results (at 
α=5 and 10%). 
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Figure 3.6 shows the difference between r-square values for the five different 
models for each of the five datasets. Although the r-square increases with adding the 
cross-terms, the results obtained using the more complex models 4 and 5 are not 
significant, and model 3 (with GWSL and SM) provides the best r-square 
improvement. 
 
Figure 3.6 Variation of the alongshore-averaged r-square versus different models 
in five months. The black squares show the statistically significant results at α=5%. 
 
Figure 3.7 shows the variation of Vo, GWSL and pixel intensity (PI), and the r-
square of the regression models versus alongshore distance for February. In this 
Figure, the lowest GWSL observed in February and the pixel intensity averaged over 
the surfzone (an indicator of the surfzone morphology) are shown. Sliding the 
regression analysis windows along the beach made it possible to differentiate regions 
of the beach where the intertidalbeachface volume was correlated with the GWSL 
elevation and SM from areas where it was not. In most regions of the beach, there is 
some correlation between Vo and GWSL, with an elevated GWSL correlating with a 
reduced Vo. At some parts of the Muriwai Beach, areas with high PI were correlated 
with lower Vo. In all datasets, the gradient of the regression line between the 
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alongshore variation of Vo and SM was not always negative. This often occurred in 
middle of the beach. 
 
Figure 3.7 Panel A: The alongshore variation of the intertidal beachface volume. 
Panel B: The groundwater seepage line elevation (solid black line) and the pixel 
intensity (dashed green line). Panel C: Regression r-square values. Dashed blue line: 
using just groundwater seepage line (model 1), green line: using just pixel intensity -
or surfzone morphology- (model 2) and thicker black line: using a regression model 
with both groundwater and surfzone morphology (model 3). Panel D: The rectified 
averaged video image of Muriwai Beach in February 2003. Shoreward is at the top 
and seaward at the bottom. This is taken from the Argus video network by R. A. 
Holman (http://cil-www.oce.orst.edu/) 
 
The change in the correlation between GWSL and Vo varied during the tidal cycle 
(more than one measurement per tidal cycle were collected in three of the datasets). 
For example, Panels A and B of Figure 3.8 show the alongshore variation of Vo and 
GWSL elevation for February 2003. At low tide, the intertidal beachface volume 
usually increased with decreasing seepage line, although there is not high correlation 
between Vo and GWSL at high tide. Panel C shows that r-square of the relationship 
between Vo and GWSL for August, February and May datasets at low tide is higher 
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than the r-square at high tide, and a descending trend of r-square from low tide to 
high tide is clear. For instance, in February, the r-square falls from 0.41 at low tide 
(with mean groundwater seepage elevation of 0.01m) to 0.34 at high tide (with mean 
elevation of 1.07m). This figure also shows that in winter (August) the low-tide 
GWSL is more related to the beach volume than in late summer. 
 
 
 
Figure 3.8 Panel A and B: The alongshore variation of intertidal beachface 
volume and different groundwater seepage measurements in February 2003. Panel 
C: Variation of r-square versus different mean groundwater elevations in 3 months. 
The r-square values are only for the regression between volume and groundwater 
(model 1). 
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3.5 The numerical model results 
 
Theory indicates that the groundwater seepage rate should be inversely 
proportional to beach slope, and so it may be that the correlation with beach volume 
is not an indicator of lower beachface volume but of sensitivity to slope. The 
sensitivity of the cross-shore location of GWSL to various environmental parameters 
was studied using Eq. 3.2. Firstly, the hydraulic conductivity was assumed to be 
constant and the variation of the GWSL due to the changes in landward and seaward 
boundary conditions was studied for a specified beach profile. It was found that the 
effect of changing the seaward boundary water level is greater than changing the 
landward conditions. Although, the GWSL elevation increases with a rise of the 
inland groundwater table elevation (WT), tide elevation (TR) and wave set-up (S-U), 
wave set-up causes a larger effect on the GWSL. Figure 3.9 shows that on average, a 
100% change in wave set-up causes a 113% change in the GWSL elevation, however 
100% changes in WT and TR cause 81% and 72% variation in GWSL elevation, 
respectively. 
 
Figure 3.9 Variation of the groundwater seepage line elevation versus the inland 
groundwater table, tide elevation and wave set-up 
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Secondly, to study whether the distribution of the observed hydraulic conductivity 
(K) and the beachface slope (S) could cause the observed distribution of GWSL 
elevation, WT, TR and S-U were assumed to be constant, and the K and S were varied. 
The range of the hydraulic conductivity at Muriwai Beach was calculated using the 
range of alongshore sediment textures (Figure 3.10 Panel D). The measured slope 
along profiles were also used in the model (Panel E). The range of the observed 
GWSL (Panel A) was compared with the range of model results (Panel B and C). 
Panel B, shows the model results, which were calculated with different values of K, 
and the mean slope (solid line) and the range of beach slope (the 10 and 90 
percentile). The modeled GWSL, which was obtained with different values of S is also 
shown in panel C. In this panel, each curve indicates the hydraulic conductivity 
associated with the mean observed hydraulic conductivity and the range (10 and 90 
percentile). The GWSL elevation depends on either K or S, has a descending trend and 
the GWSL calculated by Boussinesq formula is in the range of the observed 
groundwater seepage data. In my study, for the average of S (0.028), the GWSL 
elevation is reduced by 50 cm when K is tripled; while, for the mean of observed K, 
when S is tripled the GWSL elevation is reduced by around 170 cm, indicating a 
stronger sensitivity to slope than hydraulic conductivity on Muriwai Beach. 
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Figure 3.10 Observed Groundwater seepage line (GWSL) and variation of the 
numerical model results versus hydraulic conductivity (K) and intertidal beach slope 
(S). Panel A: The observed GWSL elevation collected at Muriwai Beach. Panel B: 
The model results, which were calculated with different values of K. Each curve 
indicates a specified S. Panel C: The modeled GWSL, which was obtained with 
different values of S. Panel D: The histogram of K, which was calculated based on 
the field sampling. Panel E: The histogram of S obtained from the beach survey. 
 
The model could also be used to determine the sensitivity to unknown set-up and 
inland water table elevations, by using known S and K, and determining how much 
remaining variability was controlled by these two remaining factors. Profiles were 
extracted from the straightened beach (Section 2.2) at 10 m alongshore intervals for 
two different months (February and August as indicators of summer and winter 
conditions, respectively). Figures 3.11 and 3.12 (Panels A and B) show the 
alongshore variation of the observed groundwater seepage line and the calculated 
seepage line based on the Boussinesq equation (Panel A shows results 2 hours after 
the high tide, and panel B shows results just before the low tide). The model results 
were obtained using the tidal range on the day of sampling, and the optimized inland 
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groundwater elevation and wave set-up height (optimized to provide the best fit of 
model and observations). Panel C shows the variation of the optimized wave set-up. 
In summer, the numerical model results are completely consistent with observation 
at 2 hours after the high tide (Figure 3.11A). At the low tide, modeled results are not 
fully comparable with observations, especially in the middle of Muriwai Beach 
(Figure 3.11B). In winter, the model results, which were obtained at 2 hours after the 
high tide are consistent with observations apart from the southern end of the beach 
(Figure 3.12A). At the low tide, modeled results are compatible with observations, 
apart from the middle of the beach (Figure 3.12B). 
To determine what factor has the greatest control on the alongshore variability 
observed at Muriwai Beach, the parameters that contribute to the model, were varied 
sequentially. Among the factors in the model, S and K were obtained from the field 
survey and tide variation was extracted from NIWA tide model forecast (section 3.3); 
hence, I analyzed the sensitivity of the model to other parameters. Panel (D and E) 
show the correlation between the modeled and the observed GWSL two hours after 
the high tide and just before the low tide, respectively (Figure 3.11 for summer and 
3.12 for winter). Black circles indicate the model results when WT and S-U are held 
constant. The effect of adding alongshore variability to S-U is shown with crosses, 
and squares show the model results when the effect of variability in both WT and S-U 
were considered together. The oblique line shows the 1:1 line of the perfect fit. Table 
3.1 shows the r-square of the regression between the observed GWSL and the 
calculated GWSL. In this table, Model A shows the results when WT and S-U are 
constant. The effect of changing S-U is shown with Model B, and Model C indicates 
results when the effect of the WT and S-U are considered. 
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Table 3.1. The R-square and the root mean-squared error (RMSE) of the regression 
between the model results and observed field data: Model (A): “K”+”S”, Model (B): 
“K”+”S”+”S-U”, Model (C): “K”+”S”+”S-U”+”WT”. 
 
R-Square of the Regression RMSE 
Model 
A 
Model 
B 
Model 
C 
Model 
A 
Model 
B 
Model 
C 
Aug. H.T. + 2hrs 0.68 0.96 0.98 0.31 0.13 0.11 
Aug. L.T. 0.49 0.89 0.91 0.20 0.10 0.09 
Feb. H.T. + 2hrs 0.12 0.87 0.94 0.25 0.06 0.04 
Feb. L.T. 0.51 0.65 0.69 0.36 0.19 0.17 
 
The results show that with considering constant values of the inland groundwater 
elevation and the wave set-up, the root mean-squared error between model results and 
observed data is between 0.20 and 0.36 m. The error can be reduced by changing WT 
and S-U. The table also indicates that the results of models B and C are closer to each 
other than model A. It means my model is more sensitive to S-U rather than WT. 
Model C, which considers S-U and WT, shows compatible results with observations 
at high tide (r-square of 0.98 and 0.94 in winter and summer, respectively). However, 
the r-square decreases to 0.91 and 0.69 for low tide in winter and summer, 
respectively. It is concluded that my model results are more compatible with 
observations at high tide rather than low tide. 
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Figure 3.11 Panels A and B: Alongshore variation of the numerical model results 
and observed groundwater seepage line in February, at 2 and 6 hours after the high 
tide, respectively. Panel C: Alongshore variation of the optimized wave set-up. 
Panels D and E: Relation between the modelled and observed GWSL at 2 and 6 
hours after the high tide, respectively. 
 
Figure 3.12 Panels A and B: Alongshore variation of the numerical model results 
and observed groundwater seepage line in August, at 2 and 6 hours after the high 
tide, respectively. Panel C: Alongshore variation of the optimized wave set-up. 
Panels D and E: Relation between the modeled and observed GWSL at 2 and 6 hours 
after the high tide, respectively. 
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3.6 Discussion 
 
Previous studies have shown that higher water tables influence the swash sediment 
transport by causing saturation and as a result, beachface volume decreases (Grant, 
1948; Duncan, 1964; Eliot and Clarke, 1988; Turner, 1995; Turner and Leatherman, 
1997). My results show that in most regions of the beach, there is a clear correlation 
between Vo and GWSL, with an elevated GWSL causing a reduction of Vo. This 
inverse correlation occurred in all datasets, consistent with other studies (e.g. Duncan, 
1964; Eliot and Clarke, 1988; Turner, 1995; Turner and Leatherman, 1997). The 
seasonal analysis shows that GWSL in winter is more correlated with Vo than summer 
(e.g. Figure 3.6). The higher inland groundwater table in winter (caused by higher 
winter rainfall) likely causes more exfiltration on the beachface and, subsequently, 
lower beachface volume. The field results also indicate that Vo is more correlated 
with GWSL at low tide rather than high tide (Figure 3.8, panel C), consistent with 
theory. Increasing hydraulic head at low tide causes stronger seepage flow and greater 
potential for sediment remobilization. Hence, GWSL has a greater effect lower on the 
beach, and beachface volume reduction is more influenced by the low tide GWSL. 
The schematic in Figure 3.13 shows a patterned beach morphology inversely 
correlated with the seepage line, as observed at Muriwai Beach. 
Turner (1993) showed that the groundwater exit point (GWEP is where GWSL 
intersects a beach profile) elevation decreases with increasing K and S and even small 
changes in S and permeability characteristics cause large differences of the GWEP 
location. Baird et al., (1998) and Raubenheimer et al., (1999) indicated that the 
groundwater table fluctuations and the seepage face width depend on the ratio K/n. Li 
et al., (2008) also showed that for a constant beach slope, smaller K or larger tidal 
fluctuations increase the seepage face width and GWEP elevation. Confirming 
previous studies, our modelling results show that GWSL elevation decreases with 
increasing K and S. Variation of the seaward boundary of the numerical model (tide 
elevation plus wave set-up) has more influence on changing GWSL than varying the 
landward boundary condition (inland water table). 
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The correlation between the Vo and SM is not as easy to interpret as Vo and 
GWSL. My results showed that SM has much the same effect as GWSL on changing 
Vo. The correlation between Vo and SM (characterized using pixel intensity 
measurements) indicates that unlike the GWSL, which always has negative correlation 
with Vo, the slope of the regression line between the pixel intensity (PI) and Vo is 
sometimes negative and sometimes positive. I defined two different process pathways 
for the SM effect on changing Vo. In the first pathway, there is a positive correlation 
between Vo and PI as Vo generally decreases with decreasing PI. My statistical 
results show that in winter, the beach follows this pattern (Figure 3.13A). This is 
likely due to rip currents causing sediment movement offshore, so that the beach is 
scoured out landward of the rip current. This often occurred at the middle of Muriwai 
Beach, which was a region of strong rip current activity (areas with low PI in time-
averaged images). Previous studies have showed that the alongshore variation of the 
lower beachface volume was correlated with the alongshore variation in rip currents 
(e.g. Thornton et al., 2007). In the second pathway, there is a negative correlation 
between Vo and PI where Vo decreases with increasing PI. From the statistical 
results, the beach follows this pattern in summer (Figure 3.13B). In this case, I 
suggest two mechanisms are responsible: the presence of oblique bars; and the 
influence of the surfzone morphology on wave set-up. The alongshore variation in PI 
does not differentiate between oblique bars and rip currents. With oblique sandbars, 
the shoreline is steeper where the bar is closer to the shore (e.g. 400m-750m in Figure 
3.7D). Thus, an in-phase coupling between bar and shoreline due to the sediment 
exchange between the bar line and beachface can promote lower beachface volume. 
This in-phase coupling has been reported by Castelle et al. (2010). Double sandbar 
systems are a common morphological pattern on sandy, meso-tidal beaches with high 
wave energy (e.g. Ruessink et al., 2003; Castelle et al., 2007; 2010), such as Muriwai 
Beach. In a double sandbar system, inner-bar rip channels are often smaller and more 
variable – in alongshore direction – than the outer-bar (Castelle et al., 2010). At 
Muriwai Beach, the inner bar often exhibited these variably-oriented rip channels. 
The schematic in Figure 3.13B shows the beach morphology negatively correlated 
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with the surfzone morphology. In this case, lower beachface volume hot spots tend to 
occur in the areas with high pixel intensity. 
 
 
Figure 3.13 Schematic of the beach, and the effect of the groundwater seepage line 
and surfzone morphology on changing the intertidal beachface volume. (A) for the 
winter pattern, where surfzone morphology and beach volume are positively 
correlated; (B) for the summer pattern, where surfzone morphology and beach 
volume are negatively correlated. 
 
Previous studies showed that the wave set-up varied with the surfzone similarity 
parameter, which is a function of the height and length of the approaching wave to 
the beach and the beach slope (e.g. Holman and Sallenger, 1985) and there was a 
linear relationship between the set-up and wave height (e.g. Lentz and Raubenheimer, 
1999). The offshore bar patterns and changes in the bathymetry also affect the set-up 
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at low tide (e.g. Holman and Sallenger, 1985; Raubenheimer et al., 2001). Laboratory 
studies carried out by Haller et al. (2002) showed that wave set-up may vary up to 
20% of the root mean-square wave height (Hrms, which is a function of significant 
wave height). In this study, wave set-up, especially in high tide, reached nearly 40% 
of Hrms in few alongshore locations, however the average was still around 20% to 
30%. Raubenheimer et al. (2001) also indicated that at low tide more set-up was 
expected than high tide, as dissipation is much stronger over the shallow bar crest 
than in deep water. My results (e.g. Figures 3.11C and 3.12C) show that the role of 
the wave set-up in changing the beach groundwater seepage line is more significant at 
the low tide than high tide in both summer and winter patterns. 
Results of this Chapter suggest a potential morphological feedback loop, where 
morphology influences the seepage line both through slope effects and set-up effects, 
which drive lower and higher beachface volume, which influence morphology. 
Furthermore, SM, which was used in the statistical analysis, was not good 
representation for the location of rips and surfzone morphology changes. Also in 
modeling Section, inland groundwater table and wave set-up were assumed to be 
varied between 1 and 4 and between 0 and 1 metre, regarding lack of field data in 
Muriwai beach. In next Chapters, the numerical model will be applied in Ngarunui 
beach using field experiment to obtain the key components, which might force the 
change in the groundwater seepage line across the beachface and provide a better 
understanding of the interaction between water table and morphology. 
In this Chapter, a one-dimensional linear Boussinesq equation was used to predict 
the beach groundwater behaviour. In Chapter 6, the two-dimensional model will be 
developed based on both linear and non-linear Boussinesq equation to study the effect 
of non-linearity of the aquafer depth and hydraulic conductivity, which both were 
remained constant in linear form. The equation will be solved in both alongshore and 
cross-shore direction to consider the effect of alongshore groundwater flow in the 
model.
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4.1 Introduction 
 
Monitoring beach changes through the time has been is of essential interest to 
coastal engineers because it underpins definitions of coastal hazard zones. One of the 
cheapest and automated approaches for beach observation is video imagery (Smith 
and Bryan, 2007). Video-based techniques can be used to determine the location of 
the shoreline and sand bars (Lippmann and Holman, 1989, 1990) and to extract the 
wet-dry boundary across the beachface (Huisman et al., 2011). Shoreline can be 
determined as the bright narrow part of the shore break, which can be defined using 
time-averaged video images. This technique is based on the difference between the 
colour or contrast of the dry sand, and the wet sand (Plant and Holman, 1997; 
Aarninkhof et al., 2003). There are several different approaches to the shoreline 
mapping method using video images, which were described in Chapter 2. 
Additionally the wet-dry boundary can be found using time-averaged images, and this 
line has been shown to be closely associated with groundwater seepage face 
(Huisman et al., 2011). 
Although shoreline detecting from video images has been widely studied, most of 
these works have been focused on using time-averaged images. Furthermore, there is 
not much work on extracting the groundwater seepage line from video images on 
gently sloping dissipative beaches. In this study the images taken by Cam-Era video 
system at Ngarunui beach were used to extract the shoreline and groundwater seepage 
line. Every half-hour during daylight conditions, an on-site computer collects a 
snapshot image, a time-averaged image and a variance image, which described in 
Chapter 2. Time-averaged images were used to extract the groundwater seepage line 
at Ngarunui beach. Furthermore, beach shorelines were extracted from variance 
images and then compared with the surveyed data to evaluate the accuracy of using 
variance images in shoreline detecting. 
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4.2 Field data 
 
4.2.1 Site description 
 
As it described in the first Chapter, Ngarunui beach is a dissipative beach, located 
near Raglan on the west coast. The beach is approximately 1.8 km length, and is 
almost 4 km south-west of Raglan town (Figure 4.1). There is a steep dune to the east 
of the beach. To the north, the beach turns into Whaingaroa Harbour. Ngarunui is a 
black sandy beach with an average slope of 1:70 (Huisman et al., 2011). The spring 
tide ranges between 2 and 3 m and neap tide is 1.5-1.8 m (Walters et al., 2001). 
 
Figure 4.1 Location of the Ngarunui beach on the west coast of the North Island 
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4.2.2 Video images 
 
Raglan Beach has been monitored since August 2007 by a Cam-Era video system 
owned by Waikato Regional Council and operated by NIWA (e.g. Almar et al., 
2008). The video unit includes a Lumenera LE 375 7.7 mm color CCD video camera 
with a 25.5 mm fixed-focal-length lens (Huisman et al., 2011). Cameras are located 
on top of the hill at the south of the beach at 94 m above mean sea level. Every half-
hour during daytime, the camera system takes a snapshot image and prepares a time-
averaged and a variance image. The difference between time-averaged and variance 
images is that variance images are produced from the standard deviation of a 10-
minute sequence of images, while time-averaged (Timex) images are the time-mean 
of the same sequence of images. As variance images show the areas of greatest 
change, they have been mainly used to define the surfzone and the area, which waves 
break. In this paper the application of these type of images in extracting shoreline is 
described. Figure 4-2 (upper panel) shows Raglan video cameras (Camera A and B) 
located on the top of the Bryant home at Ngarunui beach. Lower panels show time-
averaged images provided at high tide and low tide. 
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Figure 4.2 Upper panel: Video cameras placed on the top of the home at 
Ngarunui beach. Lower panels: Time-averaged video images at Ngarunui Beach at 
high tide and low tide 
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4.2.3 Survey data 
 
The beach surveys were carried out by Dirk Immenga (UoW) using the RTK GPS 
mounted on a quad bike recording points every 5 metres. The first survey was carried 
out in 8th November 2010 between 5:10 pm and 6:10 pm around low tide time. An 
alongshore extent of almost 650 m was surveyed. Alongshore surveyed lines were 15 
to 20 m apart from each other and they cover the area between dune toe to the 
shoreline. The second survey was conducted by Cliff Hart (NIWA) in 9th November 
2010 between 7:00 pm and 9:30 pm (Guedes, 2010). 
 
 
Figure 4.3 Left panel: Survey tracks (Guedes, 2010). Right panel: Surface map 
obtained from the beach surveys. 
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4.3. Methods 
 
Rectified time-averaged images and variance images collected on the 8th of 
November 2010 were used to detect the groundwater seepage line (GWSL) and the 
shoreline (SL), respectively. Extracted shorelines were then compared with the 
surveyed data to evaluate the accuracy of the extracting method in both incoming and 
outgoing tide. In the sampling day, the tide elevation increased from -1.61 m (at 6:10 
am) to 1.51 m (at 11:40 am) and then decreased to -1.59 m (at 5:40 pm). Every half 
an hour between 7:10 am and 3:40 pm (daylight time) a time-averaged and a variance 
image were collected. 
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4.3.1 Extracting Seepage line from time-averaged images 
 
In order to extract the wet–dry boundary, known here as the seepage line, the RGB 
(Red–Green–Blue) time-averaged images (9 images during incoming tide and 9 
images during outgoing tide) were converted into HSV (Hue-Saturation-Value-space) 
using the Matlab function called rgb2hsv. This algorithm calculates the value (V) as 
the maximum of the red, green, and blue intensities at each pixel (Smith, 1978). 
Value (V) was found to be one of the most accurate measurements, which detected 
the wet-dry boundary in all tested weather conditions (Huisman et al., 2011). Hence, 
the value was used as the threshold to differentiate between the dry and wet sand.  
For each of the time-averaged images, two alongshore lines were defined (one 
across the ocean and one across the dry beachface). These lines force the processing 
software to stop searching for the groundwater outcropping points in areas that rarely 
include the seepage line (e.g. dune grasses or far offshore). Between these lines, the 
processing software extracts the value (V) in each row in the selected image with 1m 
space interval. The seepage line detection algorithm starts searching from the 
boundary line across the beach and finds the first pixel of the selected image, where 
the value (V) is greater than a threshold value. In this study the threshold set as 0.6. 
The above process was repeated for all rows of the selected image with 1m space 
interval between rows. Figure 4.4 shows an example of the extracting the seepage line 
from time-averaged images taken at Ngarunui beach. Panel A shows the variation of 
the Value (V) in a single row of pixels from a time-averaged image (696400 Northing 
in New Zealand Geodesic Datum ‘NZGD2000’). The threshold of 0.6 for the V was 
used to determine the location of the groundwater seepage line. This threshold was 
chosen by a trial and error process of extracting the seepage line from different 
images taken in different times during outgoing and incoming tide. It means that the 
seepage line can be find at a V, which is 60% of V of the dry beach and 40% of V of 
the sea. Panel B shows the selected pixel on the image where was considered as the 
groundwater outcropping point or seepage exit point. 
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Figure 4.4 Panel A: an example of the value (V) variation in a single pixel row of 
a time-averaged image. The threshold used for detecting the seepage line is indicated 
with a horizontal black dash-dot. The vertical line shows the cross-shore location of 
the groundwater exit point. Panel B: a time-averaged at 7:10 am on 8th November 
2010. The horizontal red dash-dot shows the selected pixel row for V variation and 
the circle indicates the exit point on the alongshore seepage line. 
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4.3.2 Extracting Shore line from Variance images 
 
As it described in Chapter 2, the time-averaged images have been widely used to 
extract the shoreline. In this study the variance images were used to extract the 
shoreline and test the accuracy of these images in detecting shoreline in a gently 
sloping dissipative beach. This is because the time-averaged shoreline is not generally 
detectable on the background of black sand. To detect the line from the variance 
images, the intensity (I) was calculated as the average of the red, green, and blue 
pixel intensities of a RGB variance image. Intensity was found to be one of the most 
accurate measurements in algorithms to detect the shoreline (Plant et al., 2007). 
For each of the variance images, two alongshore lines were defined, as is 
described in the previous Section. These lines force the processing software to stop 
searching for the shoreline points in areas where rarely include shoreline. Between 
these lines, the processing software extracts the intensity (I) in each row in the 
selected image with intervals of 1m spacing. The shoreline detection algorithm starts 
searching from the boundary line across the beach and finds the point, which intensity 
drops after reaching the first maximum. The above process was repeated for all pixel 
rows of the image. Figure 4.5 shows an example of the extracting the shoreline from a 
variance image taken at Ngarunui beach. Panel A shows the variation of the intensity 
(I) in a single row of pixels from a variance image. The threshold set as the sharp 
drop after the first maximum of the intensity, which is shown in this panel. Panel B 
shows the selected pixel on the image where was considered as the shoreline. The 
shoreline, which was extracted from this algorithm was considered to be the average 
position of the shoreline, so another shorelines can be expected more landward than 
this position, especially at low tide. The threshold for extracting the average position 
of the shoreline was obtained by a trial and error process of extracting the shoreline 
from different images taken in different times during outgoing and incoming tide. 
Although as it will be discussed in the Discussion, this threshold cannot precisely 
predict actual shoreline at the low tide. 
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Figure 4.5 Panel A: An example of the Intensity (I) variation in a single pixel row 
of a variance image. The vertical dash-dot line shows the cross-shore location of the 
average shoreline. Panel B: variance image at 7:10 am on 8th November 2010. The 
horizontal red dash-dot shows the selected pixel row for I variation and the circle 
indicates the shoreline position.  
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4.4. Results 
 
4.4.1  Groundwater seepage line detected at Ngarunui beach  
 
The method described in Section 4.3.1 was used to extract the seepage line from 
time-averaged images at Ngarunui beach. In each image, the processing software 
extracts the groundwater seepage point in each pixel row of the image with 1m 
spaced intervals between rows. The results were then smoothed using a moving-
average smoothing algorithm. Smoothing removes the effect of people or driftwood 
on the beach. This process was repeated for different images, which were provided 
every 30 minutes. Nine time-averaged images between 7:10 am and 11:10 am during 
incoming tide and nine images between 11:40 am and 3:40 pm during outgoing tide 
were used. Figures 4.6 and 4.7 show the time-averaged images and detected 
groundwater seepage lines (yellow lines) during incoming and outgoing tide on 8th 
November 2010 at Ngarunui beach. 
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Figure 4.6 Detected groundwater seepage lines (yellow lines) from time-averaged 
video images at Ngarunui beach during rising tide on 08/11/2010 
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Figure 4.7 Detected groundwater seepage lines (yellow lines) from time-averaged 
video images at Ngarunui beach during falling tide on 08/11/2010 
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4.4.2  Shoreline detected at Ngarunui beach 
 
The method described in Section 4.3.2 was used to detect the shoreline from 
variance images at Ngarunui beach. The results were smoothed using a moving-
average smoothing algorithm. This process was repeated for different images, which 
were provided every 30 minutes. Nine variance images between 7:10 am and 11:10 
am during incoming tide and nine variance images between 11:40 am and 3:40 pm 
during outgoing tide were used. Figures 4.8 and 4.9 show the variance images and 
detected shorelines (red lines) during incoming and outgoing tide on 8th November 
2010 at Ngarunui beach. 
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Figure 4.8 Detected shorelines (red lines) from variance video images at 
Ngarunui beach during rising tide on 08/11/2010 
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Figure 4.9 Detected shorelines (red lines) from variance video images at 
Ngarunui beach during falling tide on 08/11/2010 
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4.4.3  Decoupling between the groundwater seepage line and the shoreline  
 
Decoupling between the shoreline and the seepage line at Ngarunui beach was 
studied using extracted lines from video images. Figures 4.10 and 4.11 show how the 
groundwater seepage line was decoupled from the shoreline during the incoming and 
outgoing tide respectively. According to these figures, at high tide, the groundwater 
seepage line was just located a few metres onshore of the shoreline (Figure 4.10 last 
panel and Figure 4.11 first panel). During falling tide, as the beach drains more 
slowly than the tide falls, the groundwater seepage face will appear between the 
shoreline (SL) and the groundwater seepage line (GWSL) because of the groundwater 
exfiltration. Around the low tide the seepage face width reaches to its maximum 
because of the decoupling between SL and GWSL (Figure 4.10 first panel and Figure 
4.11 last panel). 
The process described here was based on the seepage line extracted from time-
averaged video images and shoreline extracted from variance images. In Chapter 6 of 
this thesis, the groundwater seepage line along the Ngarunui beach will be determined 
using a numerical model based on the Boussinesq equation and decoupling between 
the calculated seepage line and the field-based shoreline (according to the tide level at 
the beach) will be discussed more. 
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Figure 4.10 Decoupling between the groundwater seepage line extracted from 
time-averaged images (black line) and the shoreline detected from variance images 
(red line) during rising tide on 8th November 2010. The surface map obtained from 
the beach surveys carried out on 8th and 9th November (Guedes, 2010) is also shown in 
the background. 
 
Figure 4.11 Decoupling between the groundwater seepage line extracted from 
time-averaged images (black line) and the shoreline detected from variance images 
(red line) during falling tide on 8th November 2010. The surface map obtained from 
the beach surveys carried out on 8th and 9th November (Guedes, 2010) is also shown in 
the background. 
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4.5. Discussion 
 
As described in this Chapter, the groundwater seepage line can be extracted from 
time-averaged images using the value (V) of the HSV (Hue-Saturation-Value) images. 
Huisman et al. (2011) showed that the wet-dry boundary, which called seepage line, 
could be found using the time-averaged images. Although their threshold was not 
same as the V threshold, which I found in this study. My results showed that the 
seepage line was located at a pixel (on a row of an image) where V reaches to 0.6. 
This threshold was found by a try and error process using a wide-range of different V. 
Although Huisman et al. (2011) found that the threshold between 0.4 and 0.45 could 
be used for extracting seepage line. The threshold chosen in this study leads to more 
accurate seepage line rather than the threshold in previous study, according to the 
video images taken at the beach. For example with the threshold V of 0.4, the seepage 
line locates almost 80 metre landward of my chosen seepage line (Figure 4.4 A). This 
position is in toe of the dune (Figure 4.4 B), which is unlikely possible, because the 
selected image was taken almost 1.5 hours after low tide. 
As described in Chapter 2 and early in this Chapter, many studies have been 
carried out on extracting shoreline from time-averaged images (e.g. Lippmann and 
Holman, 1989, 1990; Plant and Holman, 1997; Aarninkhof et al., 2003; Plant et al., 
2007; Smith and Bryan, 2007; Huisman et al., 2011). These studies have mostly 
focused on the difference between the colour and contrast of the dry and wet sand. In 
this study, the use of variance images in detecting shoreline was tested. To determine 
the accuracy of the shoreline detecting method, the extracted shoreline was compared 
with the beach survey. Two surface maps were obtained using the p-colour Matlab 
code on detected shorelines (section 4.4.2) during the incoming and outgoing tide. 
Figure 4.12 (Panel A) shows the surface map obtained from the beach surveys carried 
out on 8th and 9th October 2010 (Guedes, 2010). Panel B and C present the calculated 
surfaces map based on detected shorelines during the rising tide and falling tide, 
respectively. Comparison between three panels show that the algorithm used in 
detecting shorelines from variance images is not very precise at low tide. The 
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elevation contours (blue areas in panels B and C) indicate that in both incoming and 
outgoing tide, the variance images could not work well in predicting low tide 
shoreline, which is consistent to the recent finding by Simarro et al. (2015). Figure 
4.13 also shows the difference between the surveyed surface map and calculated 
surface map (based on detected shorelines) during incoming and outgoing tide. In 
both panels, extracted shorelines from variance images are shown. During the 
incoming tide, the shoreline is located mostly seaward at low tide (black thick line in 
Panel A) and moves landward as tide rises. Shorelines are more widely-spaced near 
between low tide and mid tide compared to between mid tide and high tide. This is 
because the intertidal beach slope is steeper in upper beach than the lower beach. In 
the outgoing tide (Panel B) the shoreline is located most landward (high tide 
shoreline at 11:40 am) and moves seaward with falling tide. The same pattern could 
be seen here, as tide covers narrower area in upper intertidal area rather than lower 
area. 
The figure indicates that the beach surface, which was determined using the 
extracted shorelines from video images, are different from the surveyed beach. In the 
incoming tide (Panel A) the elevation of the calculated beach surface is lower than 
the surveyed beach surface in some part of the beach. The difference is as great as 0.6 
m in the southern and northern parts of the beach. In the middle parts of the beach, 
the calculated beach surface is higher than the surveyed beach surface (up to -0.6 m). 
In the outgoing tide (Panel B) the calculated beach surface is always higher than the 
surveyed beach surface. The difference is between 0 and -1.2 m. Both panels show 
that the difference between the survey data and the video based data is much lower in 
upper intertidal beach than lower part of the beach indicating that the video extracting 
algorithm works better at high tide rather than low tide. The difference between the 
beach survey and the calculated beach surface based on the extracted shorelines could 
be either caused by the inaccuracy of the survey, which was carried out in 8th and 9th 
November 2010 or the extracting method to obtain shorelines from variance video 
images. 
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Figure 4.12 Panel A: Surface map obtained from the beach surveys. Panel B: 
Calculated surface map (using detected shorelines from variance images) during 
incoming tide. Panel C: Calculated surface map during outgoing tide. 
 
Figure 4.13 Difference between the surveyed surface map and calculated surface 
map (based on detected shorelines) during incoming tide (panel A) and outgoing tide 
(panel B). Shorelines, which were extracted from variance images every half hour, 
are shown in both panels. 
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Figure 4.14 also shows the error of the shoreline extracting method. In this figure, 
dots indicate the difference between the elevation of the surveyed beach and extracted 
shoreline in the same position. It was measured at different times between high tide 
and almost low tide (red for incoming tide and blue for outgoing tide). The solid lines 
also show the average error. The average error of shoreline extracting technique is 
between -0.1 and 0.25 metre in incoming tide and between -0.25 and -0.8 metre in 
outgoing tide. As described in Section 4.3.2, the extracted shorelines using my 
algorithm on variance images was considered to be the average position of the 
shoreline, so another shorelines can be expected more landward than this position, 
especially at low tide. It can be concluded that according the survey data, the 
algorithm of extracting shoreline from variance images could be time-dependent 
algorithm. It means that in a dissipative sandy beach like Ngarunui beach, the 
shoreline detecting method is more precise at high tide rather than low tide. Simarro 
et al. (2015) noted that Ngarunui Beach is an unusual case regarding it is very 
dissipative beach with black sand, and this situation may explain why shorelines 
detecting algorithm using time-averaged images did not work in all cases. They also 
explained that variance images were found useful to extract shoreline, but the method 
did not precisely work when run-up happened in the groundwater seepage face area. 
 
Figure 4.14 The error of the extracting shoreline method from variance video 
images at Ngarunui beach. 
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Decoupling between the beach groundwater seepage line (GWSL) and shoreline 
(SL) was studied carefully using the extracted GSWLs from time-averaged images and 
the detected SLs from variance images taken at Ngarunui Beach. During rising tide, 
the infiltration from the tidal wave causes the water table rise, although beach 
groundwater level increases much more quickly than rising tide. Comparing panels of 
figure 4.10 already indicate that it happens in Ngarunui beach, however in the next 
Chapter this issue will be tested using groundwater level recorded by Solinst 
piezometers deployed in the beach. This may causes the groundwater seepage line 
decouples from the shoreline more quickly on the lower part (less steep intertidal 
beachface) rather than the steeper upper part of the beach profile (Figure 4.10). On 
high tide, there is not much decoupling between the groundwater seepage line and the 
shoreline, which supports previous studies (e.g. Li et al., 1997; Turner, 1998; 
Huisman et al., 2011). In this case, the groundwater seepage line is located a few 
metres onshore of the shoreline. During falling tide, the groundwater seepage line 
starts to decouple again from the shoreline. As the beach drains more slowly than the 
tide falls, the groundwater seepage face appears between the SL and the GWSL 
because of the groundwater exfiltration. Same as the incoming tide, in the outgoing 
tide, groundwater seepage line decouples from the shoreline more slowly on the 
upper part (steeper intertidal beachface) rather than the less steep lower part of the 
beachface (Figure 4.11). This decoupling process shows that Ngarunui Beach fills 
more rapidly than tide rise and drains more slowly than tide falls. As it mentioned, 
this issue was studied precisely using my field data collected from the Solinst 
piezometers, and manual water detectors at Ngarunui Beach in September 2013 (next 
Chapter). 
Another important finding of this study is how the seepage face (SF) width is 
greater or less along the beach. Figure 4.15 shows the GWSL extracted from time-
averaged images and SL detected from variance images at 7:10 am (1.5 hours after 
the low tide) and 11:10 (almost at high tide). The left panel show the decoupling 
between GWSL and SL 1.5 hours after the low tide. It clearly presents that the seepage 
face width is much greater in north and middle of the beach rather than south part. 
The field work carried out in September 2013, which is explained in the next Chapter, 
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helped to understand the alongshore variation of the groundwater seepage line. The 
study area is shown in the panels. As it will be described in Chapter 5, three transects 
was chosen to study the groundwater level and wave data using different instruments. 
The first transect in north, the second in the middle and the third transect in the south 
of the study area are also shown in Figure 4.15. Figure 4.16 also shows photo taken at 
Ngarunui Beach at low tide. The lower panel shows that the southern part of the 
beach (left side of the photo) has much less seepage face width rather than the north 
part. 
  
Figure 4.15 Decoupling between GWSL extracted from time-averaged images and 
SL detected from variance images (left panel at low tide and right panel at high tide). 
The rectangular shows the study area for the field work and dash lines indicate three 
transects (Chapter 5). 
 
According to the field data, the beach hydraulic conductivity is much higher in the 
south than the middle and north of the study area. The intertidal beachface is also 
steeper in south than other parts of the beach (Chapter 5). A steeper beach profile and 
higher hydraulic conductivity are two important factors in decreasing the 
groundwater exit point elevation and shortening the seepage face width across the 
south of the beach (As it described in Chapter 3 and will be explained more in 
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Chapter 6). Transect 3 in south of the beach located in the part of the beach with rip 
currents. The rips can be seen in time-averaged images (e.g. Figure 4.4). The rip 
current in south of the beach may have an effect on lowering the groundwater exit 
point and shortening the seepage face width.  
The decoupling between the GWSL and SL will be discussed more in Chapters 6 
using the field data (Chapter 5) and a numerical model based on the two-dimensional 
linear and non-linear Boussinesq equation. 
 
 
 
Figure 4.16 Photo taken on 15th August 2015 at 4pm (at low tide) at Ngarunui 
Beach. Upper panel shows a panorama view of the beach. Lower panel shows the 
study area. 
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5.1 Introduction 
 
This Chapter describes three days fieldwork carried out in Ngarunui beach in 
September 2013. This work included a beach survey, groundwater seepage line 
survey, beach groundwater measurements, groundwater table measurement behind 
the beach dune and wave data collection in the swash zone. Beach survey data and 
groundwater measurements were used as input data to the numerical model (next 
Chapter). Beach seepage line observations were also used for numerical model 
calibration and to compare with model results. 
As it described in the first Chapter, Ngarunui beach is a dissipative beach, located 
near Raglan on the North Island. The study area is a part of the beach located 200 m 
north-east of the Raglan surf club and extended approximately 400 m in alongshore 
direction. Three transects, which are almost 150 m apart from each other were 
defined along the beach (Figure 5.1). 
Transect T1 (northern), T2 and T3 (southern) are represented by the green, red and 
blue lines respectively in Figure 5.1. On 17th September 2013, two Solinst 
piezometers were deployed in each transect. These two piezometers (SHT, and SLT in 
Figure 5.1) were located at the high and low tide positions and measured the variation 
of beach groundwater elevation automatically every 10 seconds for 48 hours. On 18th 
September, manual groundwater measuring was done using dipwells located between 
high tide and low tide Solinst piezometers. Furthermore, to obtain the wave height 
and direction, three ADVs were deployed in the swash zone (black dots in Figure 5.1). 
To predict the long term variation of the water table, the ISD station, which consisted 
of a piezometer buried behind the dune, was also used. Figure (5.2) shows a profile 
schematic of the cross-shore transect and deployed instruments. 
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Figure 5.1 Upper panel: Studied area on the rectified time-averaged image. High 
tide and low tide Solinst piezometers are shown with squares (e.g. T1SHT, T1SLT). 
Circles and dashed circles show dipwells (e.g. T1D1,…, T1D7). Black circles 
indicate ADVs (e.g. T1ADV). Yellow square shows the ISD station. Three cross-shore 
transects (T1, T2 and T3) and approximate shoreline at high tide and low tide are 
also shown. Lower panel: photo taken in Ngarunui beach, showing three transects 
(from right to left: T1, T2 and T3). 
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Figure 5.2 A schematic cross-shore transect showing the relative position of 
deployed instruments along each of the 3 transects. ISD: long-term water table 
recorder (only one ISD behind the dune). SHT: The high tide Solinst piezometer, 
which was a piezometer located at high tide, measuring short-time beach 
groundwater variations). SLT: The low tide Solinst piezometer, which was a 
piezometer located at low tide. ADV: The Acoustic Doppler Velocimeter, which was a 
device deployed in swash zone for measuring wave characteristics. D1, 2, etc: 
Dipwells for manual groundwater detection. 
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5.2 Field data 
 
5.2.1 Survey data 
 
The beach survey was carried out on 18th and 19th September 2013 using GPS 
laser scanner. An alongshore distance of almost 400 m was surveyed. Alongshore 
surveyed lines were 20 m apart and they covered the area between dune edges and the 
shoreline. Cross-shore surveyed lines were approximately 20 to 25 m apart and 
covered the area of three transects (Figure 5.3). The groundwater seepage line was 
surveyed four times on Wednesday 18th and Thursday 19th, between mid tide and low 
tide, using a GPS laser scanner (Figure 5.4). The survey data were then rotated anti-
clockwise to convert the data from the northing-easting to alongshore-cross-shore 
system. Some of the photos taken in 18th and 19th September 2013, when the full 
beach survey and GWSL detecting were done, are shown in the Appendix A-1. 
 
Figure 5.3 Survey data from Ngarunui Beach, 18 and 19 September 2013 
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Figure 5.4 Panel A: surveyed groundwater seepage line (GWSL) from 18th 
September 2013 at 11:35 am (mid tide) and 12:25 pm (1 hour after mid tide) (GWSL 
1, and 2). Panel B: GWSL on 19th September at 10:45 am (1.5 hour after high tide) 
and 01:10 pm (1 hour after mid tide) (GWSL 3, and 4) 
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5.2.2 Sediment sampling and hydraulic conductivity 
 
Sediment samples were collected on 18th September at Ngarunui Beach. Eight 
samples were collected along each transect. Samples were analyzed in the laboratory 
for particle distribution (using a Malvern mastersizer) from which porosity and 
hydraulic conductivity were calculated. Hydraulic conductivity was obtained using 
Kozeny-Carman formula (1956). This equation is one of the most widely accepted 
estimations for hydraulic conductivity of medium sands with average grain sizes of 
less than 3 mm (Odong, 2007). 
𝐾 = (
𝜌.𝑔
𝜇
) [
𝑛3
(1−𝑛)2
] (
𝑑10
2
180
)       (Eq. 5.1) 
where, 𝜌 is flow density, g is gravity acceleration, 𝜇 is dynamic viscosity and d10 is 
the grain diameter for which 10% of the sample is finer, respectively. Porosity (n) 
was also calculated from Vukovic and Soro (1992) (Odong, 2007) (Eq. 3.4b). 
Although the chosen hydraulic conductivity in Muriwai Beach was calculated 
based on the Krumbein and Monk formula (1942) (Eq. 3.4a) (estimated by Robinson, 
2004), in Ngarunui Beach the Kozeny-Carman formula (1956) (Eq. 5.1) was used to 
calculate the hydraulic conductivity in the dune and the beachface. The estimated 
hydraulic conductivity by Krumbein and Monk formula has shown to be ineffective 
especially in dune sands. In the other hand, Kozeny-Carman formula works well in 
estimating the hydraulic conductivity in both beachface and dune sands (Lopez et al., 
2015). The value of K estimated by Equation 5.1 was then applied in the numerical 
model to obtain the groundwater profile starting under beach dune and outcropping 
the beachface. 
Figure 5.5 shows three transect profiles and the variation of the hydraulic 
conductivity in each of them. It shows that in Ngarunui beach the sediment 
permeability of the lower beachface is always bigger than permeability of the upper 
beachface and dunes. Furthermore, south of the beach (indicated with transect 3) 
generally has much greater hydraulic conductivity than the middle and north of the 
beach. 
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Figure 5.5 Upper panel: location of sediment samples along the three transects. 
Lower panel: sediment hydraulic conductivity variation along the three transects. 
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5.3 Methods, instrument data and results 
 
5.3.1 ISD deployment and long-term water table variation 
 
The ISD station was situated in the swale behind the dune, near the first transect 
(Figure 5.1, upper panel). The location was selected in order to minimize the effect of 
tidal and wave variations on groundwater measurements, and so should only measure 
the effects of passing weather patterns. The station consisted of a two metre tube with 
a sensor at the bottom connected to ISD logging station. Some of the photos taken 
from 27th August and 4th September 2013 during the ISD deployment are shown in 
the Appendix A-2. The ISD station recorded the water table over three months 
(September, October and November 2013) providing the longer-term variation of the 
water table needed to contextualize the experiment. Figure 5.6 shows that the beach 
water table ranged between 4.6 and 5.3 metres. The graph shows that when the water 
level is above 5.1 m, the behaviour of the following rainfall is different than when it 
is below 5.1 m.  So at lower levels of the water table, there is a rapid rise in water 
level during a rain event. When the rain stops, the water drain away through the 
ground, producing a characteristic hydrograph curve rapidly rising leading edge and 
exponentially decaying trailing edge. However, at high water table levels, the rain 
cannot infiltrate into the ground and floods the swale. If there is sufficient water, it 
breaches the low point at the far end of the picture, forming a channel to the beach 
and rapidly draining off the surface water. Due to wind blown sand, the channel gets 
blocked up again. So there is a rapidly rising leading edge as the rain falls. This 
continues to rise as the surface floods, and then there is a rapid fall when the channel 
forms and drains the surface water away. Then the ISD records the exponential decay 
as the ground water drains through the dune to the beach. 
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Figure 5.6 Water table variation on Ngarunui Beach during the 3 month time 
period. 
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5.3.2 Solinst piezometers deployment and short-term beach groundwater 
variation 
 
As described in Section 5.1, three cross-shore transects were defined in the studied 
area. Along each transect, two Solinst piezometers were deployed (one at the 
elevation of the high tide, named SHT, and one at the elevation of the low tide named 
SLT, Figure 5.1). On the 17th September, holes were dug at the deployment locations 
within which 150 cm and 75 cm length tubes were placed at SHT and SLT 
respectively, at the bottom of which the sensors were placed. Some of the photos 
taken from piezometers deployment are presented in Appendix A-3.  
These six piezometers recorded the beach groundwater variation between 18th 
September at 00:00 and 19th at 16:00. The time interval of recording was 10 seconds, 
giving 14,400 groundwater values over 40 hours for each piezometer. Raw 
piezometers data were then converted the water table depth using the simple 
formulas: 
𝐷 = 𝐿 − 𝐸 − 𝑋        (Eq. 5.2a) 
𝐸 = 𝐸𝑙1 − 𝐸𝑙2        (Eq. 5.2b) 
𝑋 = 𝑋1 − 𝑋2        (Eq. 5.2c) 
𝐺𝑊𝐸𝑙. = 𝐸𝑙2 − 𝐷        (Eq. 5.2d) 
where string length (L), the beach surface elevation (El2), the elevation of top of the 
tube (El1) were measured. The barometric pressure (X2) was measured at the site 
using the sampling interval as the piezometer data (X1). Using these data, the 
groundwater depth (D) and consequently the groundwater elevation of mean sea level 
(GWEl.) were calculated every 10 seconds for a 40 hour time period. Figure 5.7 shows 
the schematic of the piezometer deployed in the beach. Figure 5.8 shows the 
groundwater variation recorded by the three high tide and two low tide piezometers. 
Unfortunately the low tide piezometers in the third transect failed to record, because 
of sand infiltrating the pipe.  
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Figure 5.7 Schematic of the Solinst piezometer deployed in Ngarunui Beach. The 
brown line is the beach surface and the blue line represents the water table. Symbols 
are the same as used in Eq. 5.2.  
 
Figure 5.8 Short-term beach groundwater variation measured by the Solinst 
piezometers. The three upper lines represent measurements from the high tide 
locations on each transect (T1SHT, T2SHT, and T3SHT) and the two lower lines 
show measurements at the low tide locations (T1SLT and T2SLT). The thicker black 
line shows tide variation. The daylight hours during the experiment (18 and 19th 
September 2013) are indicated in the figure. 
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5.3.3 Dipwells and manual beach groundwater level detecting 
 
During the outgoing tide in both days, the groundwater level was measured 
manually using water detectors lowered into the dipwells. After high tide, the 
groundwater level was measured following the tide seaward so that the number of 
sampling points and their spatial coverage seaward increased with time). In Appendix 
A-4 photos of measuring beach groundwater level within the dipwells and their 
location are shown. 
Figure 5.9 shows the location of dipwells in both Northing-Easting coordinate 
system (GPS laser scanner coordinates) and alongshore-cross shore system (rotated 
coordinate system). Measured groundwater elevation in dipwells are also presented in 
this figure. The dipwell data was then applied to calibrate the numerical model (next 
Chapter) using comparison between the calculated groundwater profiles and the 
measuring data.  
 
 
 
 
  
Chapter 5: Ngarunui Beach Field Data Collection 
 
92 
 
 
 
Figure 5.9 Panels A and B: the location of dipwells along three transects in 
Northing-Easting and alongshore-cross shore coordinate systems. Panel C: 
groundwater elevation measured in dipwells during the falling tide. The lines 
represent the beach surface elevation. 
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5.3.4 ADV deployment and wave data 
 
Along each transect, an Acoustic Doppler Velocimeter (ADV) was deployed in the 
swash zone. The ADV was placed a few metres offshore of the low tide Solinst 
piezometer (SLT). Installing ADVs along the three transects was difficult as the ADV 
was placed in the low tide area and the time when this part of the beach was not 
covered by waves and swash was limited. For installing the ADV, a hole was dug 
close to the SLT in each transect. A tube was then inserted into the hole to prevent 
wet sand entering the hole. The ADV and its metal frame were inserted and the 
surrounding tube was removed. To ensure the stability of the frame, it was secured by 
four anchors with strong metal chains (~3-4m) extending outwards from the arms of 
the frame. The chains and anchors were then buried Appendix A-5 shows photos of 
the installation. 
The three ADVs recorded wave data between 17th September at 2 pm and 19th 
September at 4 pm, giving 50 hours continuous data. The ADVs’ average interval 
sampling (Burst) was set to 30 minutes giving 100 bursts in total. Within each burst, 
the ADVs recorded the wave-induced velocity in alongshore and cross shore 
directions (Uw and Vw) and pressure (P) for 20 minutes. It did not record any data for 
the rest of the time (10 minutes). Sampling frequency was set to 4 Hz giving 4800 
samples (P, Uw, and Vw) in each burst. Furthermore, mean pressure and average of 
velocities were calculated each burst. 
Figures 5.10, 5.11 and 5.12 show and example of the wave data measured by 
ADVs along transects 1, 2 and 3 respectively at high tide and around mid-tide. In 
these figures panel A shows the water depth variation over 20 minutes of ADV 
recording during one burst. It changes between 1.2 and 2.2 metres (above mean sea 
level) at high tide in all transects, however transect 1 has higher elevation than 2 and 
transect 2 is slightly higher than 3. Panel B shows that wave-induced velocities varies 
between -100 and 100 cm/s approximately. Panel C shows that the cross-shore wave-
induced velocity (Uw) is generally greater than alongshore velocity (Vw) in transect 1 
and smaller than Vw in transects 2. In transect 3 they almost vary in the same range. It 
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indicates that wave is faster and stronger in cross-shore direction in the first transect, 
while in the second transects, the wave-induced velocity is much bigger in alongshore 
direction. The different shapes of dot clouds (Figures 5.10-5.12 Panel C) could be 
caused by the different orientation of the shoreline with respect to the incoming wave. 
Unfortunately the rectified image (Figure 5.1) does not provide sufficient information 
for describing this issue. 
To show how power of the wave signal is distributed over the different 
frequencies, the power spectral density (PSD) of the wave was studied. PSD was 
obtained using autocorrelation function in Fourier series of the wave signal (the 
square of the Fourier transform module, divided by the integration time). PSD 
describes at which frequencies wave energy dominates and at which frequencies it is 
less important. Panel D (of figures 5.10.1, 5.11.1 and 5.12.1) show that the wave is 
always much stronger in low frequencies (less than 0.2 Hz) than high frequencies 
(bigger than 0.2 Hz). 
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Figure 5.10 (1): ADV 1 at high tide. Panel A: water depth (ADV pressure in 
metres, relative to mean sea level) within one burst (20 minutes). Panel B: variation 
of wave-induced velocities in cross-shore and alongshore direction (Uw and Vw). 
Panel C: Vw versus Uw. Panel D: variation of the wave spectral density (modified 
periodogram spectral estimation using Welch method) versus frequency.  
 
(2): ADV 1 at mid-tide. 
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Figure 5.11 (1): ADV 2 at high tide. Panel A: water depth (ADV pressure in 
metres, relative to mean sea level) within one burst (20 minutes). Panel B: variation 
of wave-induced velocities in cross-shore and alongshore direction (Uw and Vw). 
Panel C: Vw versus Uw. Panel D: variation of the wave spectral density (modified 
periodogram spectral estimation using Welch method) versus frequency. 
 
(2): ADV 2 at mid-tide. 
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Figure 5.12 (1): ADV 3 at high tide. Panel A: water depth (ADV pressure in 
metres, relative to mean sea level) within one burst (20 minutes). Panel B: variation 
of wave-induced velocities in cross-shore and alongshore direction (Uw and Vw). 
Panel C: Vw versus Uw. Panel D: variation of the wave spectral density (modified 
periodogram spectral estimation using Welch method) versus frequency. 
 
(2): ADV 3 at mid-tide.  
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Figure 5.13 shows the variation of the modified power spectral density (PSD) for 
different frequencies over all bursts. The wave energy distribution in transect 3 (panel 
D) shows different pattern in comparison with other two transects (panels B and C). 
The existence of the rip in the third transect probably causes this pattern difference. It 
also shows that high energy waves occur at high tide at both incident (0.05-0.12 Hz) 
and infragravity (<0.05 Hz) frequency ranges. It also indicates that in the first day 
(18th September) waves are stronger that the second day (19th).  
 
 
Figure 5.13 Panel A: Tide variation in 18th and 19th September 2013 at Ngarunui 
Beach. Panels B, C and D: Variation of the modified power spectral density (PSD) 
versus different wave frequencies over all ADV bursts along transects 1, 2 and 3 
respectively. 
 
Figure 5.14 shows the variation of the total PSD versus ADV burst for all three 
ADVs. The total PSD was defined as the summation of the modified PSD values of 
each frequency in one specific burst. In this figure PSD of the wave is studied 
separately in terms of incident wave and infragravity wave. Infragravity waves are 
waves, which forced by difference interactions in the wave frequency and have lower 
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frequencies than incident waves. The frequencies of infragravity waves are between 
0.005 and 0.05 Hz, and the frequencies of incident waves are greater than 0.05 Hz. In 
figure 5.14, the threshold of 0.05 Hz was used to differentiate infragravity waves from 
incident waves. This figure shows that in general, transects 1 is more influenced by 
incident waves than transects 2 and 3. The existence of rip may cause less effect of 
incident wave on transect 3. However transect 3 is more affected by infragravity 
waves. 
 
 
Figure 5.14 Panel A: Tide variation in 18th and 19th September 2013 at Ngarunui 
beach. Panels B and C: Variation of the modified power spectral density (total PSD 
values) over ADV bursts for infragravity and incident waves.  
 
Furthermore, mean pressure and average of velocities of each burst were 
calculated. Figure 5.15 shows the variation of the average ADV pressure (water 
depth) and variation of the cross-shore and alongshore wave-induced velocities 
versus time. Transect 3 shows smaller water elevation (ADV pressure) than other two 
transects. The figure also indicates that, in general, alongshore velocity is much 
bigger in transects 2 and 3 than transect 1. 
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Figure 5.15 Panel A: variation of the average ADV pressure (water depth) and 
tide (black line) versus time elapsed from 12 am on 18th September 2013. Panel B and 
C: variation of the cross-shore and alongshore velocities versus time, respectively. 
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5.4 Discussion 
 
To study the groundwater (GW) behavior at Ngarunui Beach, the variation of the 
groundwater level was measured using Solinst piezometers and manual dipwells for 2 
days in September 2013. Figure 5.16 shows the location of dipwells, the elevation of 
the measured GW in them, the location of the high tide and low tide piezometers and 
the changes in the recorded GW level along the three transects. 
The GW elevation varies between 1.8 and 2.3 metre above the mean sea level in 
high tide Solinst piezometers “SHT” (upper horizontal line in all panels), and clearly 
shows the effect of beach discharge and dewatering within a tidal cycle. Previous 
studies showed that the beach groundwater fluctuates with tide (e.g. Duncan, 1964; 
Eliot and Clark, 1986, 1988; Hegge and Masselink, 1991; Turner, 1993; Li et al., 
1999; Nielsen, 1999; Horn, 2006). The beachface acts as a non-linear filter and make 
the beach groundwater level increase rapidly and decrease slowly in comparison with 
the tide variation. The delay time for groundwater response to tide could vary from 
minutes to hours (Weixing Guo, 1997; Horn, 2002, 2006). 
Our results show that the GW level drops more slowly than tide drops, so the GW 
is decoupled and exits at a higher elevation. At low tide, the GW level does not reach 
to its minimum elevation and keeps decreasing for a few hours within the incoming 
portion of the tidal signal. There is a delay of 4 to 5 hours between low tide and the 
minimum in GW elevation. When the tide turns, the GW continues to fall, and 
converges towards the rising tidal elevation. When they finally converge at the same 
elevation, the GW is coupled with the tide and rises with only a minor lag until the 
high tide (Figures 5.8 and 5.16). 
Our results indicate that Ngarunui Beach fills more easily than it drains. This 
finding is also supports previous studies, which indicated that the rate of the rising 
groundwater is considerably greater than the rate of the drop due to the gravitation 
force (e.g. Hegge et al., 1991; Horn, 2006). 
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Figure 5.16 Instrument deployment results. Upper horizontal line shows the high 
tide Solinst piezometers and lower line shows the low tide piezometers. The black line 
presents tide data and circles indicates the location of dipwells and groundwater 
elevation measured in them. (Panel A, B and C: transects 1, 2 and 3 respectively). 
 
The low tide Solinst piezometers were located in the lower part of the beachface 
near to the low water shoreline. Variation of the groundwater level in low tide 
piezometers “SLT” (lower horizontal line in two panels of Figure 5.16) is compatible 
with the tide variation. There is only a small difference between the SLT water level 
and tide level, which seems to be caused by the effect of the wave set-up, as the 
piezometer records the actual water level, which includes tide level plus wave set-up. 
At the low tide, the difference is greater than high tide and reaches up to 40 cm 
(Figure 5.8). This difference could not be the set-up effect (this is justified in more 
detail with a set-up calculation for Ngarunui beach in the next Chapter). The ADV 
water depth variation (Figure 5.15) also shows this difference at low tide. The 
difference may be due to an imprecise understanding of the location of the low tide 
piezometer and ADVs. The cross-shore location of the low tide piezometers were 
selected according to the shoreline shown in the video images. This work was done 
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before instrument installation in the beach, so Solinst piezometers positions may not 
exactly be at the same low tide elevation. SLTs and ADVs were probably located 
more onshore than the true location of the low tide waterline across the beach. This 
can make the water level measured by the instruments higher than the actual tide 
level plus set-up. 
Manual water detection in the dipwells (circles in Figure 5.16) also shows how 
groundwater level changes during time cross the beach. In a specific cross-shore 
location, GW elevation declines with tide fall and increases with tide rise. The rate of 
fall and rise are the same as the pattern for Solinst piezometers. GW level in upper 
dipwells (circles located in cross-shore location less than 200) increase rapidly and 
decrease slowly in comparison with the tide variation. In fact, GW elevation variation 
is much smaller than the tidal elevation changes. In a constant time, GW has a 
descending trend in cross-shore direction (which is well-known). 
Figure 5.17 shows the variation of the beach groundwater elevation versus time 
along the three transects. Regarding the duration time of the recorded data, the GW 
variation was studied during outgoing tide and then incoming tide in the first day of 
the field work (panels A, B and C, low tide marked with a vertical dashed line). On 
the second day (19th September 2013), this study included only the falling tide (panels 
D, E and F). This figure indicates that the groundwater elevation decreases in the 
cross-shore direction (up to down in all panels).  
The GW decreases very slowly compared to the rate at which the tide falls. This 
variation is shown in panels A, B and C between 11:00 am and 2:50 pm in the first 
day and panels D, E and F between 11:30 am and 3:25 pm in the second day. 
Groundwater elevation in dipwells continued to decrease for few hours after low tide 
according to the delay between the low tide and the minimum of GW elevation (after 
2:50 pm in the first day).    
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Figure 5.17 Variation of the beach groundwater elevation (measured in dipwells 
and gridded) versus time in three transects. Black horizontal lines show the location 
of the Solinst piezometer and black dots indicates the dipwell locations. Panels A, B 
and C shows the results in the first field work (18th September 2013) in transects 1, 2 
and 3 respectively. Panels D, E and F presents results from the second field work 
(19th September 2013) along the three transects.  
 
Another analysis was carried out to investigate how the measured groundwater 
elevation depended on the morphology. It was done by subtracting the two GW 
matrix collected. The gridding processes (the results of which is the GW matrix for 
each specific transect) includes all groundwater elevation measured in dipwells and 
groundwater level calculated by the high tide and low tide Solinst piezometers. 
Panels A and C show the GW elevation difference between transects 1 and 2, on the 
first and second day respectively. Panels B and D also indicate the GW difference 
between transects 2 and 3, on these two days. In general the difference between the 
beach groundwater elevation in transects 1 and 2 is greater than the difference 
between transects 2 and 3.  
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Figure 5.18 Difference between the groundwater elevation between two transects. 
Panel A, C: between transects 1 and 2 in the first and second day respectively. Panel 
B, D: between transects 2 and 3 in these two days.  
 
It could be concluded that transect 1 in the north part of the beach shows highest 
groundwater elevation over most of the tidal cycle. Transect 3 in the south part of the 
study area has a lower groundwater level than transect 2 on the lower part of the 
beach, but a higher level than transect 2 on the higher part of the beach. Assuming 
that the coordinate system is absolutely perpendicular to the shoreline, this shows that 
there is a depression in the groundwater table, which is likely between transects 2 and 
3. Such a dip in the groundwater table could also be caused by the beach being 
indented at transect 2, or transect 2 have higher hydraulic conductivity, or a steeper 
slope. The reverse in this pattern at low tide could be caused by a surf zone effect 
such as the influence of rip currents. Figure 5.15B shows that the offshore currents on 
the incoming tide at transect 2 are greater than at transects 1 and 3, and there are more 
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infragravity waves at transects 1 and 3 (Figure 5.14B). These may cause higher 
groundwater level at transect 2 on the lower part of the beach.    
These preliminary observations of the difference in groundwater level across the 
beach will be studied in more depth using a two-dimensional numerical model in the 
next Chapter. The beach survey data and inland water table will be used to force the 
numerical model. The groundwater seepage line detected on the beach and the 
measured groundwater elevation will be also used for the model calibration.
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6.1 Introduction 
 
As it described in Chapter Two, the Boussinesq equation, a simplified form of 
Laplace's equation, can be used to analyze the seepage line movement across the 
beachface and predict the surface of the beach groundwater table (e.g. Parlange et al., 
1984; Nielsen, 1990; Turner et al., 1997; Baird et al., 1998; Raubenheimer et al., 
1999; Li et al., 2002a; Li et al., 2006). Most of the previous works focused on the 
one-dimensional Boussinesq equation. Moreover, some of the approaches neglect the 
sloping beachface, the decoupling between the groundwater seepage line and 
shoreline, the hydraulic conductivity variation across the beach and the non-linearity 
effect (e.g. Baird and Horn, 1996; Jeng et al., 2005). For example, Nielsen (1990) 
used an analytical solution to the Boussinesq equation and stressed the importance of 
the hydraulic conductivity. He assumed that the beachface slope was constant and 
showed the groundwater table fluctuations became negligible with increasing the 
shoreward distance. However, Baird and Horn (1996) noted that Nielsen’s model 
neglected the decoupling between the groundwater seepage line and the shoreline. 
Following previous works, Baird et al. (1998) showed that the groundwater flow 
could be explained by the one-dimensional Boussinesq equation. Raubenheimer et al. 
(1999) also worked on both the linear and non-linear one-dimensional Boussinesq 
equation and showed that under their model assumptions, the horizontal flows on a 
beach are usually much larger than vertical flows. Li et al. (2002) presented a two-
dimensional approximation of the linear Boussinesq equation and predicted the tide-
induced beach groundwater fluctuations over a rhythmic shoreline. Recently, Jeng et 
al. (2005) also applied a 2D approximation for determining the tide-induced 
groundwater changes in a sloping sandy beach. They showed that the beach slope and 
the rhythmic coastline are important in predicting tide-induced beach groundwater 
changes. Li et al. (2006) also used the 2D form of the Boussinesq equation (in 
horizontal cross-shore and alongshore directions) showing that their model was 
sensitive to the ratio of K/Sy.  
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In the third chapter, a one-dimensional numerical model based on the linear 
Boussinesq formula was presented to study the effect of the beach properties and 
seaward water level conditions on changing the groundwater seepage line across the 
Muriwai beach profiles. Due to the lack of the field data at Muriwai beach, the inland 
groundwater table was assumed to vary between 1 and 3 metres above the mean sea 
level and it was used as the upper boundary of the model. The hydraulic conductivity 
and beach slope were extracted from the previous field work carried out by Robinson 
(2004). An approximation of wave set-up was also done using wave significant 
height reported in previous studies (Bryan et al., 2007). Finally the model result, 
which included groundwater exit point elevation, was compared with the surveyed 
groundwater seepage line on 18th Feb. and 28th Aug. 2003 (the field data was part of 
Robinson’s master thesis, Waikato University). 
In this chapter, the Boussinesq equation is used again to understand the 
groundwater seepage line changes across the Ngarunui beachface and study the effect 
of the inshore and offshore factors on changing the groundwater exit point. The 
strengths of the model described in this chapter rather than the 1D linear model 
presented in chapter 3 are outlined as below: 
 Using a two-dimensional approximation of the Boussinesq equation in a 
precise fine mesh grid consisting of cross-shore and alongshore surveying data. 
 Solving both linear and non-linear form of the Boussinesq equation and 
compare the model results with surveyed seepage line to study the effect of the non-
linearity of the aquifer depth and hydraulic conductivity on Boussinesq equation 
results. 
 Using comprehensive field experiment, which is described in Chapter 5, as 
model input data and assistance in the calibration method. 
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6.2 Field data 
 
6.2.1 Beach surveying data and groundwater table measurement 
 
As described in Chapter 5, the beach survey was carried out on 18th and 19th 
September 2013 using GPS laser scanner. The study area of 400 by 400 metre was 
selected to cover an area between the dunes and surfzone. The survey data were 
rotated by 22 degrees anti-clockwise to convert the data from the northing-easting 
coordinate system to an alongshore-cross shore system. The beach was then mesh-
gridded with 1 metre alongshore and cross shore intervals (∆x=∆y=1 m) using 
MATLAB code. Figure 6.1 shows the beach mesh grid and the location of the three 
transects and deployed instruments. The first transect (T1) was selected at 365 m 
north of the datum point and the second and the third transects (T2 and T3) were 
located at 215 m and 86 m in the alongshore direction. Along each transect, two 
Solinst piezometers and one ADV were deployed to measure the beach groundwater 
variation and wave height, respectively. As it described before, an ISD was located in 
behind the dune between T1 and T2 to measure the long-term variation of the 
groundwater table (Figures 5.1 and 5.2). The manual groundwater measuring was 
done at different times between the high and low tide. The groundwater seepage line 
was measured by walking along it using the RTK-GPS four times in the first and 
second measuring days (18th and 19th September 2013), which is described in 
previous chapter. These observed data were used to compare with the numerical 
modelling results. 
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Figure 6.1 Mesh grid of beach surface elevation at Ngarunui Beach. Transects 1, 
2 and 3 are shown with green (top), red and blue (bottom) lines respectively. A black 
diamond in dune shows the ISD location. Along each transect, the circles show the 
high tide and low tide Solinst piezometers (SHT, SLT), the hexagrams indicate the 
ADVs and the squares show the location of dipwells for manual groundwater 
measurement. 
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6.2.2 Tide and Wave data 
 
An appropriate tide was selected from Manu Bay tide gage database (provided by 
Waikato Regional Council). Two time periods were considered: A) on the first day 
(18th), the outgoing tide between 8 am and 3 pm and then the incoming tide between 
3 pm and 9 pm; B) on the second day (19th), the outgoing tide between 9 am and 3 
pm. The significant wave height was provided from the NIWA wave hindcast model 
(output point No152) and the wave set-up calculated using the Bowen formula 
(Bowen et al., 1968), which is described in Chapter 3. Figure 6.2 shows the tide, 
significant wave height and wave set-up variation over the measuring days.  
 
Figure 6.2 Variation of tide, significant wave height and wave set-up on 18th and 
19th of September 2013. 
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6.3 Methods 
 
As described in the third chapter, Baird et al. (1998) showed that the groundwater 
flow could be explained by the one-dimensional Boussinesq equation (Eq. 3.1). The 
assumption of applying this equation is that the Dupuit-Forchheimer (D-F) 
approximation explains the groundwater flow. The D-F approximation assumes that 
the groundwater flow is horizontal and changes in the hydraulic head with 
groundwater depth are negligible. In this case, the surface slope of the groundwater 
table is assumed to be relatively small (e.g. Kirkham, 1967, Baird et al., 1998). The 
two-dimensional form of the linear Boussinesq equation is as follows: 
𝜕ℎ
𝜕𝑡
=
𝐾.𝐷
𝑆𝑦
× (
𝜕2ℎ
𝜕𝑥2
+
𝜕2ℎ
𝜕𝑦2
)          (Eq. 6.1) 
where ℎ = ℎ (x, y, t) is the groundwater elevation, 𝐾 is the hydraulic conductivity of 
the beach, 𝑆𝑦 is the specific yield (also described as a dimensionless parameter called 
porosity), 𝐷 is the averaged-aquifer thickness, 𝑥 is horizontal cross-shore distance, 𝑦 
is horizontal alongshore distance and 𝑡 is time. 
The non-linear form of the Boussinesq equation (2D form) can be described as: 
𝜕ℎ
𝜕𝑡
=
1
𝑆𝑦
𝜕
𝜕𝑥
(𝐾ℎ
𝜕ℎ
𝜕𝑥
+ 𝐾ℎ
𝜕ℎ
𝜕𝑦
)          (Eq. 6.2) 
In all numerical calculations, the discrete approximation is used to solve the partial 
differential equation (PDE). In this approach, the results are calculated at a finite 
number of points in the physical domain. In this study, the mesh is the set of beach 
locations (nodes) where the discrete approach is computed. In next sections, the 
numerical model based on both 2D linear and non-linear Boussinesq equation will be 
described. 
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6.3.1 Numerical Model based on Linear Boussinesq equation 
 
In order to solve two-dimensional linear Boussinesq equation (Eq. 6.1), FTCS 
(forward time, central space) scheme was used. In this numerical scheme, the first 
order forward difference in time (Eq. 6.3) and the second order central difference in 
space (Eq. 6.4) were applied. 
𝜕ℎ
𝜕𝑡
=
ℎ𝑖,𝑗
𝑡+1−ℎ𝑖,𝑗
𝑡
∆𝑡
+ 𝑜(∆𝑡)       (Eq. 6.3) 
𝜕2ℎ
𝜕𝑥2
=
ℎ𝑖,𝑗−1
𝑡 −2ℎ𝑖,𝑗
𝑡 +ℎ𝑖,𝑗+1
𝑡
∆𝑥2
+ 𝑜(∆𝑥2)        (Eq. 6.4) 
𝜕2ℎ
𝜕𝑦2
=
ℎ𝑖−1,𝑗
𝑡 −2ℎ𝑖,𝑗
𝑡 +ℎ𝑖+1,𝑗
𝑡
∆𝑦2
+ 𝑜(∆𝑦2)  
where, the ℎ𝑖,𝑗
𝑡
 is groundwater elevation in node [𝑖, 𝑗] at time step of 𝑡. ℎ𝑖,𝑗
𝑡+1
is the 
elevation in the same node at the next time step (𝑡 + 1). ℎ𝑖,𝑗+1 
𝑡 , ℎ𝑖,𝑗−1 
𝑡 , ℎ𝑖+1,𝑗 
𝑡
and 
ℎ𝑖−1,𝑗 
𝑡
are groundwater elevation in adjacent nodes at time step of 𝑡. 𝑜(∆𝑡), 𝑜(∆𝑥2) 
and 𝑜(∆𝑦2) are computational errors. ∆𝑥 and ∆𝑦 are the local distance between 
adjacent nodes in cross-shore and alongshore space respectively, and ∆𝑡 is the time 
difference between adjacent time steps. 
With applying these two equations in equation 6.1, the FTCS approximation of the 
linear Boussinesq equation can be written as follows:  
ℎ𝑖,𝑗
𝑡+1 = 𝜆 × (ℎ𝑖,𝑗−1
𝑡 + ℎ𝑖,𝑗+1
𝑡 + ℎ𝑖−1,𝑗
𝑡 + ℎ𝑖+1,𝑗
𝑡 )+(1 − 4𝜆) × ℎ𝑖,𝑗
𝑡      (Eq. 6.5) 
 𝜆 =
∆𝑡
(∆𝐿)2
×
𝐾.𝐷
𝑆𝑦
  
where ∆𝐿 is local distance in cross shore and alongshore direction (∆𝐿=∆𝑥=∆𝑦) 
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6.3.2 Numerical Model based on Non-linear Boussinesq equation 
 
In the same way as in the linear model, FTCS scheme was also used to solve the 
non-linear 2D Boussinesq equation. However, in this numerical scheme, the first 
order forward difference in time (Eq. 6.3) and the first order central difference in 
space (Eq. 6.6) were applied. 
𝜕ℎ
𝜕𝑥
=
ℎ𝑖,𝑗−1
𝑡 −ℎ𝑖,𝑗+1
𝑡
2∆𝑥
+ 𝑜(𝛥𝑥)           (Eq. 6.6) 
𝜕ℎ
𝜕𝑦
=
ℎ𝑖−1,𝑗
𝑡 −ℎ𝑖+1,𝑗
𝑡
2∆𝑦
+ 𝑜(𝛥𝑦)  
Combining Equations 6.3 and 6.6 with Equation 6.2; the FTCS approximation of 
the non-linear Boussinesq equation can be written as follows.   
ℎ𝑖,𝑗
𝑡+1 = 𝑟 × [𝑘𝑖,𝑗
𝑡 × ℎ𝑖,𝑗
𝑡 × (ℎ𝑖,𝑗−1
𝑡 + ℎ𝑖,𝑗+1
𝑡 + ℎ𝑖−1,𝑗
𝑡 + ℎ𝑖+1,𝑗
𝑡 )] + (1 − 4 𝑟 × ℎ𝑖,𝑗
𝑡 ×
𝑘𝑖,𝑗
𝑡 ) × ℎ𝑖,𝑗
𝑡 +
𝑟
4
× [𝑘𝑖,𝑗
𝑡 × (ℎ𝑖,𝑗−1
𝑡 − ℎ𝑖,𝑗+1
𝑡 )2 + 𝑘𝑖,𝑗
𝑡 × (ℎ𝑖−1,𝑗
𝑡 − ℎ𝑖+1,𝑗
𝑡 )2] +
𝑟
4
× [ℎ𝑖,𝑗
𝑡 ×
(𝑘𝑖,𝑗−1
𝑡 − 𝑘𝑖,𝑗+1
𝑡 ) × (ℎ𝑖,𝑗−1
𝑡 − ℎ𝑖,𝑗+1
𝑡 ) + ℎ𝑖,𝑗
𝑡 × (𝑘𝑖−1,𝑗
𝑡 − 𝑘𝑖+1,𝑗
𝑡 ) × (ℎ𝑖−1,𝑗
𝑡 − ℎ𝑖+1,𝑗
𝑡 )]
 𝑟 =
∆𝑡
(∆𝐿)
2 ×
1
𝑆𝑦
        (Eq. 6.7) 
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6.3.3 Using Numerical Model in Ngarunui Beach 
 
As described previously, the study area was 400 by 400 metres. Using a 1 m space 
interval, a 400 by 400 matrix was defined as the initial matrix, which consisted of 
160000 nodes. Figure 6.3 shows a schematic of nodes used in the model. In order to 
solve the numerical model, boundary conditions were required. The upper boundary 
condition was set to the water table elevation behind the dune, where tide variation 
has little effect on the groundwater table (ISD data, Section 5.3.1). The lower 
boundary condition was also set to the water level, which consist of the tide elevation 
and the wave set-up (Section 6.2.2). The sediment hydraulic conductivity and 
porosity were also estimated using the sediment grain size (section 5.2.2). The time 
interval (time difference between each time steps) was finalized after performing a 
sensitivity analysis based on the convergence model (see the next Section). In the first 
time step (t=0), the groundwater elevation was set to the initial value. In the next time 
step, groundwater elevation was calculated in all 160000 nodes using the ISD water 
table (WT) and tide elevation plus wave set-up. Hence, the upper and lower 
boundaries varied with time during model calculation at different time steps. It made 
it possible to use the exact value of the inland water table and offshore water level in 
the model. The rest of input parameters (∆L, ∆t, K, Sy and D in the linear model; and 
∆L, ∆t, and Sy in the non-linear model) were constant during the single run over all 
time steps. In fact at each time step, the elevation of every single node was calculated 
based on the elevation at this node and adjacent nodes at previous time step; using 
Equation (6.5) and (6.7) in the linear and non-linear model respectively. 
The difference between the linear and non-linear Boussinesq equation can be 
described as the non-linearity effect of the groundwater elevation and hydraulic 
conductivity. In the linear form, the numerical model solves Equation 6.5 with 
constant value of the hydraulic conductivity (the average of K of the beach sediment) 
at all nodes, while the non-linear model solves Equation 6.7 with different K values at 
each node. In this case, beach sediment hydraulic conductivity, which was measured 
at different locations along the three transects (Figure 5.5), were used. The K matrix 
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was then determined using the mesh-gridding method on the K values. This non-
linearity effect will be described more in the Discussion. 
 
Figure 6.3 Schematic figure of nodes used in the 1D and 2D numerical model 
(upper and lower panels, respectively). The green line/area shows the initial 
condition of the numerical model. Right and left blue lines/parallelograms show the 
upper and lower boundary conditions respectively. 
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6.4 Sensitivity of the numerical model to involved factors 
 
To study the effect of adjustable parameters in the model, including the time 
interval between each time step (∆t), the hydraulic conductivity (K), the inland water 
table (WT) and the wave set-up (S-U) on changing the calculated groundwater profile, 
a sensitivity analysis was done along the three transects using Equations 6.5 and 6.7 
on the beach mesh-grid. In each analysis, the set of adjustable parameters were 
considered to be constant and one factor was changed to study its influence on the 
model result. This included 28 different runs of the linear and non-linear models. 
 
6.4.1 Sensitivity of the model to the time interval (∆t) 
 
To study the sensitivity of the model to the time interval (∆t), both the linear and 
non-linear models were run using different ∆t (dt) and constant values of K (or a K 
matrix in the non-linear form), WT and S-U. Figure 6.4 shows the effect of changing 
dt on the groundwater profile and stability of the model along transect two. The other 
transects also show the same pattern. Decreasing ∆t slightly changes the groundwater 
profile and increases the calculation accuracy; however it increases the number of 
time steps and the model run time. On the other hand, increasing ∆t saves time but 
causes instability of the explicit finite-difference scheme. The divergence of results 
starts when ∆t equals to 360 and 60 seconds in the linear and the non-linear model 
respectively. The ∆t of 1 second, which leads to the convergence of results and 
optimum accuracy and run time, was selected as the time difference between time 
steps in both linear and non-linear models.  
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Figure 6.4 Sensitivity of the linear model (A) and non-linear model (B) to time 
interval.  
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6.4.2 Sensitivity of the model to the hydraulic conductivity (K) 
 
To study the sensitivity of the model to the beach sediment hydraulic conductivity 
(K), both the linear and non-linear models were run using different K (or K matrix in 
the non-linear form) and constant values of ∆t, WT and S-U. Figure 6.5 shows the 
effect of changing the hydraulic conductivity on the groundwater profile and stability 
of the model. The groundwater profile shape slightly changes with hydraulic 
conductivity in both the linear and non-linear models. The Figure indicates that the 
groundwater exit point elevation decreases with increasing the hydraulic 
conductivity. 
My results also show that increasing the hydraulic conductivity may cause 
instability of the explicit finite-difference scheme and stop the model run. This is 
shown in Figure 6.5 (panel B) when K is doubled. However this change in the 
hydraulic conductivity does not cause the results to diverge in the linear model (panel 
A). The reason is the role of the K in solving Equations 6.5 (linear) and 6.7 (non-
linear). In the linear model, changes in K (average hydraulic conductivity of beach 
sediment) vary the Courant number (𝜆) directly, while in the non-linear model 
hydraulic conductivity of each node is considered. This causes the non-linear model 
be more sensitive to the hydraulic conductivity, rather than linear model. It also 
differentiates between the effect of ∆t and K on converging the non-linear model 
results, which will be described more in the Discussion.  
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Figure 6.5 Sensitivity of the linear model (A) and non-linear model (B) to beach 
hydraulic conductivity. 
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6.4.3 Sensitivity of the model to the inland water table (WT) 
 
To study the sensitivity of the model to the upper boundary condition (the inland 
beach water table), both linear and non-linear models were run using different WT 
and constant values of ∆t, K and S-U. Figure 6.6 shows the effect of changing the 
inland groundwater table on the groundwater profile and the exit point elevation. The 
groundwater profile shape changes dramatically with changing the inland water table 
in both the linear and non-linear models. The Figure indicates that the groundwater 
exit point elevation increases with increasing the inland water table, which has been 
shown previously. This increment is up to 55 cm (in linear model) and 40 cm (in non-
linear model) with 150 cm rise in upper water table elevation. 
This indicates that changing the upper boundary condition of model, has a major 
effect on the groundwater exit point elevation and the location of the seepage line. 
The rise in the exit point elevation is bigger for high water table elevation rather than 
low inland water table. 
Chapter 6: The Use of the 2D Boussinesq Equation to Analyse the Groundwater Seepage 
Line on Ngarunui Beach 
 
123 
 
 
Figure 6.6 Sensitivity of the linear model (A) and non-linear model (B) to inland 
groundwater table. 
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6.4.4 Sensitivity of the model to the wave set-up (S-U) 
 
To study the sensitivity of the model to the lower boundary condition (wave set-
up), both linear and non-linear models were run using different S-U and constant 
values of ∆t, K and WT. Figure 6.7 shows the effect of changing the wave set-up on 
the groundwater profile and exit point elevation. The groundwater profile shape 
changes with changing the wave set-up in both the linear and non-linear models. The 
Figure indicates that the groundwater exit point elevation increases with increasing 
the wave set-up. This increment is up to 28 cm (in linear model) and 20 cm (in non-
linear model) with a 20 cm rise in the lower boundary condition. This indicates that 
changing the lower boundary condition of model affects the groundwater exit point 
elevation and location of the seepage line.  
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Figure 6.7 Sensitivity of the linear model (A) and non-linear model (B) to wave 
set-up. 
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6.5 Numerical modelling results 
 
6.5.1 Groundwater exit point and extent of the seepage face 
 
As it described in Section 6.3, the numerical model was developed based on the 
FTCS (forward time, central space) scheme to solve Boussinesq equation in both 
linear and non-linear forms (Eq. 6.1 and 6.2 respectively). The FTCS approximation 
of the linear and non-linear Boussinesq equation (Eq. 6.5 and 6.7 respectively) were 
then solved using a mesh-grid consisting 160000 nodes. This process was repeated 
for all time steps, calculating the groundwater profile at every 5 metres in the 
alongshore direction. The model results were then compared with groundwater survey 
data. In each alongshore location, the intersection of the final groundwater profile 
(groundwater profile calculated in the last time step) with beach profile was defined 
as the groundwater exit point (GWEP). Figures 6.8 and 6.9 show the variation of the 
groundwater exit point elevation along the three transects. The blue line in the Figure 
shows the tide variation on the 18th and 19th of September 2013. The red line 
indicates the calculated groundwater exit point using the numerical model (Figure 6.8 
for linear model and Figure 6.9 for non-linear model). This was calculated between 8 
am and 8 pm on the first measuring day covering the outgoing and incoming tide and 
between 9 am and 3 pm on the second day including the outgoing tide. The black 
squares show the surveyed groundwater elevation in different times. These data were 
obtained from the groundwater seepage line survey (previous Chapter). 
Figure 6.8 shows that there is not much difference between the elevation of the 
exit point (calculated by the linear model) and the tide elevation between the high tide 
and mid tide in the outgoing tide. It means that there is not decoupling between the 
shoreline (SL) and the groundwater seepage line (GWSL). Decoupling starts from mid 
tide and difference between the elevation of SL and GWSL reaches a maximum at low 
tide. Panel A shows that during the incoming tide, the pattern is same as the outgoing 
tide (no decoupling between mid tide and high tide). Reversely, Panels B and C show 
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that decoupling continues to rise during incoming tide, which is unlikely to happen as 
described in the Discussion. 
Figure 6.9 shows that there is not decoupling between the groundwater seepage 
line (calculated by the linear model) and the shoreline between high tide and mid tide, 
either in the outgoing tide or incoming tide. Decoupling starts from the mid tide and 
difference between the elevation of SL and GWSL reaches to the maximum at low 
tide. This decoupling process will be described in the Discussion. 
Figures 6.10 and 6.11 also present the variation of the seepage face (SF) width (the 
cross-shore distance between the groundwater exit point and the shoreline) during the 
time. In linear model (Figure 6.10), along transect 1 (Panel B), the seepage face was 
only extended for few hours around the low tide, while in transects 2 and 3 (C and D) 
it can be seen during the incoming tide, which is unlikely to happen. In the non-linear 
model (Figure 6.11), in all three transects, the seepage face width increases when tide 
falls and decreases when the tide rises. The maximum seepage face width of 80, 100 
and 50 metre were obtained in transects 1, 2 and 3 respectively, from the non-linear 
model around the low tide. 
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Figure 6.8 Linear model groundwater exit point elevation (red line), variation of 
the shoreline elevation (blue line) and surveyed groundwater seepage line (black 
squares) in Transect 1 (A), Transect 2 (B) and Transect 3 (C) 
 
Figure 6.9 Non-linear model groundwater exit point elevation (red line), 
variation of the shoreline elevation (blue line) and surveyed groundwater seepage 
line (black squares) in Transect 1 (A), Transect 2 (B) and Transect 3 (C)  
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Figure 6.10 Groundwater seepage face width variation calculated from linear 
Boussinesq equation in Transect 1 (B), Transect 2 (C) and Transect 3 (D) 
 
Figure 6.11 Groundwater seepage face width variation calculated from non-linear 
Boussinesq equation in Transect 1 (B), Transect 2 (C) and Transect 3 (D) 
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6.5.2 Comparison between the numerical model results and surveyed 
groundwater seepage line 
 
To study the accuracy of the model based on Boussinesq equation, the calculated 
seepage line was compared with the surveyed groundwater seepage line at four 
different times during the measuring days. The measurements included seepage line 
tracking using a GPS laser scanner. It was not possible to survey the groundwater 
seepage line during the outgoing tide, as the day time was limited, hence, 
measurements were done during the incoming tide. Figures 6.12 and 6.13 show that 
both linear and non-linear model results are compatible with the surveyed data 
between high tide and mid tide. The non-linear model shows better results rather than 
linear model after the mid tide.  
 
Figure 6.12 Comparison between the surveyed groundwater seepage line (solid 
line) and linear model results (dots). Panel A: First day (18th September 2013), Panel 
B: Second day (19th September 2013) 
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Figure 6.13 Comparison between the surveyed groundwater seepage line (solid 
line) and non-linear model results (dots). Panel A: First day (18th September 2013), 
Panel B: Second day (19th September 2013) 
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6.6 Discussion 
 
The numerical analysis was done using the linear and non-linear Boussinesq 
equation to find the groundwater exit point along the Ngarunui beach and was used to 
study the observed decoupling between the groundwater seepage line and the 
shoreline. 
Solving the linear Boussinesq equation (Eq. 6.1 and 6.5) is easier and faster (in 
terms of numerical running time) than the non-linear form (Eq. 6.2 and 6.7), but the 
non-linearity effect of the groundwater depth and the hydraulic conductivity are 
neglected. In the linear form, the Courant number (𝜆 =
∆𝑡
(∆𝐿)2
×
𝐾.𝐷
𝑆𝑦
) directly increases 
with increasing time interval (∆t), average hydraulic conductivity (K) and average 
aquifer depth (D), hence the effect of changing the hydraulic conductivity will be as 
same as changing the time interval. In addition, the hydraulic conductivity is assumed 
to be constant all across the beach, while it naturally changes in the alongshore and 
cross-shore directions on the beach. Another problem with the linear solution is 
assuming the constant average value for the aquifer depth, which it is not easy to 
predict. In the non-linear form, r (𝑟 =
∆𝑡
(∆𝐿)2
×
1
𝑆𝑦
) does not depend on K and D. The 
average aquifer depth has not any role in the model; and the groundwater depth is 
calculated at each node instead. Furthermore, the hydraulic conductivity at each 
single node is considered, hence the alongshore and cross-shore variation of K will 
not be neglected and the effect of changing the hydraulic conductivity will not be 
same as the time interval. This important issue makes the non-linear model more 
sensitive to the hydraulic conductivity. Although as it shown in Figure 6.5B, the non-
linear model may diverge with increasing K and stop during its run. 
Among the varying parameters in the model, tide variation is the most important 
factor in changing beach groundwater elevation. Figure 6.14 shows the variation of 
the average of the groundwater surface with tide. At each time, the value shows the 
average of the groundwater elevation calculated at all nodes of the beach mesh-grid 
using the numerical model. It clearly shows that the calculated groundwater elevation 
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varies with tide supporting previous studies (e.g. Raubenheimer et al., 1999; Li et al., 
1997, 2002, 2006; Jeng et al., 2005; Guo et al., 2010). The upper boundary condition 
is another important factor in changing the groundwater profile and elevation of the 
exit point. The groundwater exit point elevates significantly with increasing the upper 
boundary condition (inland water table). The third factor is lower boundary condition 
(wave set-up), which increases the groundwater exit point elevation and extends the 
seepage face width across the beach. The fourth factor is hydraulic conductivity, 
which has a reverse effect on the groundwater exit point elevation. Increasing 
hydraulic conductivity decreases the exit point elevation and shorten the seepage 
face. Finally, the time interval between time steps of the model does not affect the 
exit point, but increasing this factor may causes instability of explicit finite-difference 
scheme. 
 
Figure 6.14 Variation of the “average of the groundwater surface, calculated by 
the numerical model” with tide 
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Both linear and non-linear models could predict the groundwater exit point 
location across the beach transects, variation of the exit point elevation and extent of 
the groundwater seepage face during falling and rising tide. The seepage face width 
increased as the time increased from mid tide during the outgoing tide and reached 
the maximum around low tide, and then decreased during the incoming tide. The 
difference between the seepage face variation in the linear and non-linear model is the 
extent of the seepage face during the incoming tide in the linear model. 
Figures 6.15 and 6.16 show the decoupling between the shoreline and the seepage 
line between 8 am and 8:30 pm on the first measuring day covering the outgoing and 
incoming tide (Panels A, B and C); and between 9 am and 3 pm on the second day 
including the outgoing tide (panels D and E). Both linear (Figure 6.15) and non-linear 
models (Figure 6.16) show that there is not much decoupling between the 
groundwater seepage line (green dots) and the shoreline (blue line), which supports 
previous studies (e.g. Li et al., 1997; Turner, 1998; Huisman et al., 2011). 
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Figure 6.15 Decoupling between the groundwater seepage line (green dots, 
calculated from linear model) and the shoreline (blue line) at high tide (A), low tide 
(B), high tide (C) on 18th and at high tide (D), low tide (E) on 19th September 
 
Figure 6.16 Decoupling between the groundwater seepage line (green dots, 
calculated from non-linear model) and the shoreline (blue line) at high tide (A), low 
tide (B), high tide (C) on 18th and at high tide (D), low tide (E) on 19th September 
2013 
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In Ngarunui beach, hydraulic conductivity has an ascending trend in cross-shore 
direction towards the shoreline and also an ascending trend in alongshore direction 
towards south of the beach. The intertidal beachface slope is also bigger at south of 
the beach than the north. For example the cross-shore slope at transect 1 is almost 
1/67 (mild), while it is 1/48 (gentle) at transect 3. Transect 2 is more similar to 
transect 1 than transect 3, in terms of intertidal beachface slope. Steeper slope and 
bigger hydraulic conductivity at south the beach could be the main reason for narrow 
seepage face in this area. On the other hand, milder slope and smaller hydraulic 
conductivity at middle and north part of the beach could cause the wider seepage 
face. As described in Chapter 3, statistical analysis on the surveyed data at Muriwai 
beach also showed that groundwater seepage line elevates with decreasing K and S, 
hence the seepage face extends. Turner, 1993 also indicated that seepage face is a 
function of the profile slope and permeability characteristics, however in the non-
linear numerical model described in this chapter, the effect of the non-linearity of 
hydraulic conductivity, the inland water table changes and tide variations were 
considered to calculate the seepage face. 
Figure 6.17 shows the comparison between the linear (Panels A, C and E) and 
non-linear (Panels B, D and F) models in terms of variation of the groundwater exit 
point elevation and the extent of the seepage face with tide. Two transects were 
selected for this purpose: Transect 1 (indicated with red colour in the Figure) in north 
of the beach, where the beach slope is mild, hydraulic conductivity is low and there is 
no rip current. Transect 3 (blue) in south of the beach, where the beach slope is 
steeper and hydraulic conductivity is bigger than the north; and there is a rip current 
almost in that area. The results of the linear and non-linear model are different, in 
terms of extending the seepage face during the incoming tide, which described as 
follows: 
In the linear model, decoupling between the seepage line and the shoreline starts 
from mid tide in outgoing tide. Panels A and E (blue line) indicate that in south of the 
beach, decoupling continues to rise on the incoming tide. On the other hand, Panels A 
and C (red line) show that in north of the beach, the decoupling does not continue 
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after the mid tide in incoming tide. The unusual seepage face extent pattern showed 
by the linear model in south of the beach, could be caused by neglecting the non-
linearity effect of the hydraulic conductivity in the linear model. As described in 
Chapter 5 and early this Chapter, the hydraulic conductivity is high in south part of 
the beach. It also varies in cross-shore direction, which was neglected in the linear 
model. 
In the non-linear model, decoupling between the shoreline and groundwater 
seepage line starts since the mid tide during the outgoing tide and the seepage face 
can be seen over the incoming tide just before the mid tide (panels B, D and F, blue 
and red lines). The non-linearity effect of the aquifer depth and hydraulic 
conductivity seems to explain better results of the non-linear model rather than the 
linear model. 
 
 
Figure 6.17 Variation of the groundwater exit point elevation (Panels A, B) and 
extent of the seepage face with the tide (Panels C, D, E, F) along two different beach 
transects (red indicates transect 1 and blue indicates transect 3). Left panels show 
linear model results and right panels show non-linear model results. 
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6.7 Conclusion 
 
In conclusion, the numerical model based on the non-linear Boussinesq equation 
could predict the beach groundwater profile and determine the groundwater exit point 
across beach transects and extent of the seepage face. The seepage line calculated by 
the model is compatible with the surveyed groundwater seepage line (Figure 6.13). 
The non-linearity effect of the hydraulic conductivity and the groundwater depth may 
play an important role in accuracy of the results especially at low tide. The reason is 
that it considers hydraulic conductivity of the beach sediment in the lower part of the 
beach transects, where the conductivity is higher than upper part of the beach and this 
can affect the groundwater outcropping point. The sediment properties of this part of 
the beach are only important when the low tide occurs. This finding also highlights 
the role of the hydraulic conductivity in beach groundwater seepage line variation. 
The spatial distribution of the hydraulic conductivity seems to be more important that 
researchers previously thought. 
 In this study, it was also found that the groundwater seepage face predicted by the 
linear model was much bigger than the seepage face calculated by the non-linear 
Boussinesq model (e.g. Figures 6.10, 6.11, 6.12, 6.13 and 6.17). It can be concluded 
that the seepage face, which has been predicted in previous studies (using linear 
models) were probably overestimated. It also emphasises much more work on beach 
dewatering and effect of the groundwater outcropping the beachface on the beach 
erosion.  
As it described before, a steeper beach profile and higher hydraulic conductivity 
are two important factors in decreasing the groundwater exit point elevation and 
shortening the seepage face width across the south of the beach. The field work 
including manual groundwater measurements in dipwells (Chapter 5) already showed 
that north part of the beach has the highest groundwater elevation over most of the 
tidal cycle. It also indicates that transect 3 in south part of the study area has a lower 
groundwater level than transect 2 on the lower part of the beach (Figure 5.17 and 
5.18), which supports the numerical model results. The effect of the rip currents in 
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south of the beach may have an effect on lowering the groundwater exit point. The 
ADV located in this part of the beach shows a lower water level than ADVs in the 
middle and north of the beach although the difference is not significant (Figure 5.15). 
It seems that the effect of the rips may have a small effect on changing the 
groundwater seepage line rather than sediment properties and beach topography. It 
should be noted that my numerical model ran without a spatially-varying wave set-up 
along the beach. It caused my model results to exclude difference in the wave set-up, 
while the Solinst piezometer data recording and surveyed groundwater seepage lines 
(Chapter 5) included the spatially-varying wave set-up. The mismatch between the 
model results and survey data (Figure 6.13) especially around low tide, when the 
wave set-up effect is much important, can be because of neglecting the alongshore 
variation of the set-up and using just time-depending wave set-up. This issue can be 
the focus of next works on beach groundwater modelling. 
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In this research, two sites in the west coast of the New Zealand’s north island were 
studied in this research: 1) Muriwai beach, which is a meso-tidal gently-sloping 
beach located on approximately 35 km west of Auckland and 48 km south of Kaipara 
Harbour entrance. 2) Ngarunui beach, which is also a dissipative gently-sloping 
beach, located near Raglan. 
This thesis answered some fundamental questions, which mentioned in Section 1.2 
as followed: 
 What is the relationship between the observed groundwater seepage line and 
the intertidal beach volume and can this effect be separated from the influence of the 
rip currents? 
 The field data collected by Amy Robinson (2003) at Muriwai beach was used 
to study the variation of the groundwater seepage line and its effect on the beachface 
volume. My statistical analysis showed that in most regions of the Muriwai beach, 
there is a clear correlation between the intertidal beach volume (Vo) and the 
groundwater seepage line (GWSL), with an elevated GWSL causing a reduction of 
Vo. This inverse correlation occurred in all datasets and the effect of the higher 
groundwater seepage line on lower beachface volume is separated from the influence 
of rip currents. 
 The seasonal analysis also indicated that the GWSL in winter is more 
correlated with the Vo than summer. The higher inland groundwater table in winter 
likely causes more exfiltration on the beachface and, subsequently, lower beachface 
volume. The field results also indicated that Vo is more correlated with GWSL at low 
tide rather than high tide, consistent with theory as increasing hydraulic head at low 
tide causes stronger seepage flow and greater potential for sediment remobilization. 
Hence, GWSL has a greater effect lower on the beach, and beachface volume 
reduction is more influenced by the low tide GWSL. 
 On the other hand my results showed that the correlation between the 
intertidal beach volume (Vo) and the surfzone morphology (SM) is not as easy to 
interpret as Vo and GWSL. The correlation between Vo and SM (characterized using 
pixel intensity measurements) indicated that unlike the GWSL, which always has 
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negative correlation with Vo, the slope of the regression line between the pixel 
intensity (PI) and Vo is sometimes negative and sometimes positive. I defined two 
different process pathways for the SM effect on changing Vo. In the first pathway, 
there is a positive correlation between Vo and PI as Vo generally decreases with 
decreasing PI. This is likely due to the rip currents causing sediment movement 
offshore, so that the beach is scoured out landward of the rip current. This often 
occurred at the middle of Muriwai Beach, which was a region of strong rip current 
activity. In the second pathway, there is a negative correlation between Vo and PI 
where Vo decreases with increasing PI. In this case, two mechanisms are responsible: 
the presence of oblique bars; and the influence of the surfzone morphology on wave 
set-up. The alongshore variation in PI does not differentiate between oblique bars and 
rip currents. With oblique sandbars, the shoreline is steeper where the bar is closer to 
the shore. Thus, an in-phase coupling between bar and shoreline due to the sediment 
exchange between the bar line and beachface can promote lower beachface volume. 
 
 What is the best statistical model, which can describe the role of the 
groundwater seepage line and surfzone morphology in changing beachface volume? 
What is the accuracy of this statistical method? 
 The variation in the intertidal beachface volume (Vo) was regressed against 
the groundwater seepage line field data (GWSL) and the surfzone morphology factor 
(SM), which was based on the pixel intensity of the time-averaged video images. 
Among the five different regression models, the multiple linear regression including 
GWSL and SM without any cross terms (𝑉𝑜 = 𝑎1 + 𝑎2 × 𝐺𝑊𝑆𝐿 + 𝑎3 × 𝑆𝑀) was 
selected based on the highest r-square and statistically significant results with 95% 
confident level in the F-statistical analysis. 
 
 How well can video images be used for extracting the groundwater seepage 
line and shoreline at a dissipative meso-tidal beach? What is the accuracy of this 
technique in comparison with surveying data? 
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 The video images taken by Cam-Era video system at Ngarunui Beach were 
used to study the application of the video images to extracting the groundwater 
seepage line and shoreline. According to my results the time-averaged images can be 
used well for extracting the groundwater seepage line. On the other hand, the 
comparison between the extracted shorelines from variance images and the surveyed 
shoreline (based on the field data by Guedes, 2010) indicated that the shoreline 
extracting algorithm using variance images is not always accurate. The results 
showed that in the incoming tide the elevation of the calculated beach surface is 
lower than the surveyed beach surface in some parts of the beach and higher in some 
other parts. In the outgoing tide the calculated beach surface is always higher than the 
surveyed beach surface. In the both tidal periods, the difference between the surveyed 
data and video based data in upper intertidal beach is much lower than lower part of 
the beach indicating that the video extracting algorithm works better at the high tide 
rather than the low tide. 
 
  How does the groundwater seepage line on a dissipative meso-tidal beach 
change over a tidal cycle? How can video images be used to observe the decoupling 
of the groundwater seepage line from the shoreline? 
 Both groundwater seepage line extracted from time-averaged images and 
shoreline extracted from variance images showed the decoupling process very well in 
both incoming and outgoing tide. During rising tide, the infiltration from the tidal 
wave causes the water table rise, although beach groundwater level increases much 
more quickly than rising tide. An hourly comparison of the decoupling process 
showed that the groundwater seepage line decouples from the shoreline more quickly 
on the lower part (less steep intertidal beachface) rather than the steeper upper part of 
the beach profile. On high tide, there is not much decoupling between the 
groundwater seepage line and the shoreline, which supports previous studies. In this 
case, the groundwater seepage line is located a few metres onshore of the shoreline. 
During falling tide, the groundwater seepage line starts to decouple again from the 
shoreline. As the beach drains more slowly than the tide falls, the groundwater 
seepage face appears between the SL and the GWSL because of the groundwater 
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exfiltration. Same as the incoming tide, in the outgoing tide, groundwater seepage 
line decouples from the shoreline more slowly on the upper part (steeper intertidal 
beachface) rather than the less steep lower part of the beachface. This decoupling 
process shows that Ngarunui Beach fills more rapidly than tide rise and drains more 
slowly than tide falls. This finding was tested precisely using my field data collected 
from the Solinst piezometers and manual water detectors at Ngarunui Beach in 
September 2013. 
 Another finding of this study was how the seepage face (SF) width varies 
along the beach. The decoupling between the GWSL and SL extracted from video 
images clearly showed that the seepage face width is much greater in north and 
middle of the beach rather than the south part. According to the field data (Ngarunui 
Beach field data, September 2013), a steeper beachface profile and higher hydraulic 
conductivity are two important factors in decreasing the groundwater exit point 
elevation and shortening the seepage face width across the south of the beach. The rip 
current in south of the beach may also has an effect on lowering the groundwater exit 
point and shortening the seepage face width. 
 
 What are the main parameters controlling the groundwater seepage line on a 
dissipative meso-tidal beach? Which driver (intertidal beach geometry, beach 
sediment porosity and hydraulic conductivity, tide variation, inland water table, rip 
currents and wave set-up) is the most important in explaining changes to the seepage 
line? 
 The main parameters controlling the groundwater seepage line on a 
dissipative, meso-tidal beach includes the inland groundwater table, tide variation, 
wave set-up, intertidal beachface geometry, beach sediment porosity and the 
hydraulic conductivity. The numerical model results at Ngarunui beach showed that 
tide variation, intertidal beach morphology and the hydraulic conductivity are the 
most important factors in changing beach groundwater elevation. Higher tide 
elevation and wave set-up, and lower intertidal beachface slope increase the 
groundwater exit point elevation and extend the seepage face. Hydraulic conductivity 
has a reverse effect on the groundwater exit point elevation. 
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 In terms of groundwater seepage face extent across the beach, my numerical 
model results showed the wider seepage face in middle and north of the beach rather 
the south (similar to the video imagery analysis). Steeper slope and bigger hydraulic 
conductivity at south of the beach could be the main reason for narrow seepage face 
in this area. On the other hand, milder slope and smaller hydraulic conductivity at 
middle and north part of the beach could cause wider seepage face. The field work 
including manual groundwater measurements in dipwells already showed that north 
part of the beach has the highest groundwater elevation over most of the tidal cycle. It 
also indicates that transect 3 in the south part of the study area has a lower 
groundwater level than transect 2 on the lower part of the beach, which supports the 
numerical model results. The effect of the rip currents in south of the beach may have 
an effect on lowering the groundwater exit point. The ADV located in this part of the 
beach shows a lower water level than ADVs in the middle and north of the beach 
although the difference is not significant. It seems that the effect of the rips may have 
a small effect on changing the groundwater seepage line rather than the sediment 
properties and the beach topography. 
 
 Can numerical models (both linear and non-linear) based on the Boussinesq 
equation accurately predict the tidal groundwater changes across the beachface and 
determine the position of the groundwater exit point? Can the numerical model 
results show the decoupling between the groundwater seepage line and the shoreline? 
 Both linear and non-linear forms of the Boussinesq equation were solved in 
two-dimensional mesh, which was more precise than the one-dimensional linear 
model solved in Muriwai Beach. A wide range of the field data was used in the 
numerical model. The three days fieldwork carried out in Ngarunui beach in 
September 2013 included a beach survey, groundwater seepage line survey, beach 
groundwater measurements, groundwater table measurement behind the beach dune 
and wave data collected in the swash zone. Beach survey data and groundwater 
measurements were used as the input data to the numerical model. The beach seepage 
line observations were also used for numerical model calibration and to compare with 
the model results. The output of the model included the groundwater exit point along 
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cross-shore transects and the alongshore variation of the groundwater seepage line 
during time. The results showed that both numerical models based on the linear and 
non-linear Boussinesq equation can predict the tidal groundwater changes across the 
beachface and determine the position of the groundwater exit point. However, my 
results showed that the seepage line calculated by the 2D non-linear Boussinesq 
model is more compatible with the surveyed groundwater seepage lines rather than 
linear model. The non-linearity effect of the hydraulic conductivity and the 
groundwater depth may play an important role in accuracy of the results. 
 In terms of the decoupling process both linear and non-linear models showed 
that there is not much decoupling between the groundwater seepage line and the high 
tide shoreline. It indicated that the groundwater seepage line is just located a few 
metres onshore of the high tide shoreline. During the descending tide, the 
groundwater seepage face appears between the shoreline and the groundwater 
seepage line because of the groundwater exfiltration. Around the low tide the seepage 
face width reaches its maximum because of the decoupling between the SL and 
GWSL. The decoupling process determined by the numerical model supported my 
results from the video images analysis, which already showed the decoupling 
between extracted seepage lines from time-averaged images and extracted shorelines 
from variance images. 
 The seepage face width, calculated by the numerical model, started to increase 
from the mid tide during the outgoing tide, reached the maximum around the low 
tide, and then decreased during the incoming tide. The difference between the 
seepage face variation in the linear and non-linear model was the extent of the 
seepage face during the incoming tide in the linear model. As field data and Solinst 
piezometers results at Ngarunui beach showed that the beach fills more easily than it 
drains and groundwater level increases much more quickly than the rising tide. Hence 
extending the seepage face with rising tide (as it was shown by the linear model) was 
unlikely to happen. 
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This research suggests a potential morphological feedback loop (Figure 7.1 A), 
where beach morphology influences the groundwater seepage line elevation and 
seepage face width both through beachface slope and beach hydraulic conductivity 
(according to the numerical model results obtained at Muriwai beach “chapter 3” and 
numerical model results, video images analysis and filed data analysis at Raglan 
beach “chapters 4, 5, 6”), which drive lower and higher beachface volume, which 
influence beach morphology (regarding the statistical studies at Muriwai beach 
“chapter 3”). 
My findings also highlight the role of the non-linearity of the hydraulic 
conductivity in beach groundwater seepage line variation. The spatial distribution of 
the hydraulic conductivity seems to be more important that researchers previously 
thought. 
This research may also suggests a potential surfzone morphodynamics feedback 
loop (Figure 7.1 B), where surfzone morphodynamics influences the groundwater 
seepage line elevation and seepage face width both through wave set-up effects and 
presence of rip currents (according to the numerical model results obtained at Raglan 
beach “chapters 6”), which drive lower and higher beachface volume (regarding the 
statistical studies at Muriwai beach “chapter 3”), which may influence surfzone 
morphodymanics. In this feedback loop, the effect of the surfzone morphodynamics 
on changing the beach morphology was emphasised, however the influence of the 
beach morphology on surfzone morphodynamics was not studied and can be the 
focus of future works. 
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Figure 7.1 Potential beach morphological feedback loop (Panel A) and surfzone 
morphodynamics feedback loop (Panel B) 
  
It should be noted that surfzone morphology factor (SM), which was used in the 
statistical analysis, was not good representation for the location of rips and surfzone 
morphology changes. Furthermore, the numerical model described in this thesis did 
not consider the spatially-varying wave set-up along the beach and just used the 
different wave set-up height with time. Hence, the effect of the spatially-varying 
wave set-up and the presence of rip currents on changing the beach groundwater 
elevation and the location of the seepage line can be the focus of future work on 
beach groundwater modelling, especially with the aspect of the beachface volume 
reduction and beach erosion due to the higher beach groundwater.   
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Appendix: Field Data Collection 
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Photo A-1. Beach and GWSL surveying on Wednesday 18th and Thursday 19th 
September 2013. 
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Photo A-2. ISD deployment, 27th August and 4th September 2013 
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Photo A-2. Continued 
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Photo A-3. Upper photo: designed tubes for installing in Solinst piezometers 
locations (longer tube for high tide piezometers and shorter ones for low tide 
piezometers). Middle and lower photos: high tide tube deployment in the second and 
third transects respectively. 
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Photo A-4. The location of dipwells in transect 3. Photo was taken around low tide 
(15:00) on Wednesday 18th September 2013. In the upper panel, blue color in top of 
the first onshore tube indicates the third transect (green for transect 1, red for 2 and 
blue for 3). The high tide Solinst piezometer (SHT) was installed in this tube. 
Dipwells were located almost 30 m far from each other between SHT and SLT. 
 
Appendix 
163 
 
 
 
Photo A-5. Location of the ADV, which was buried in the swash zone close to the low 
tide Solinst piezometer in the second and third transects. 
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Photo A-5. Continued 
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Photo A-5. Continued 
 
 
 
 
 
 
 
 
 
 
 
 
